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ABSTRACT
It has been estimated that 200 million individuals suffer from os-
teoporosis wordwide. However, about 75% of people with the con-
dition are not diagnosed and do not receive proper treatment. It is
not realistic to apply the current gold standard diagnostic method,
Dual-Energy X-Ray Absorptiometry (DXA), in primary healthcare
in order to improve the coverage of diagnostics. This thesis de-
scribes novel ultrasound methods based on pulse-echo measure-
ments of reflection and backscattering in bone. These methods may
be feasible for use in primary healthcare due to their cost effective-
ness and non-existent radiation dose. The soft tissues overlying the
bone have represented a significant obstacle to quantitative ultra-
sound measurements of bone at the most important fracture sites.
A dual frequency ultrasound (DFUS) method has been developed
to eliminate these soft tissue induced errors. In this thesis, the ul-
trasound methods were first evaluated in laboratory experiments
of human and bovine bone samples. Then the methods were im-
plemented into a portable device for use in a clinical trial in pa-
tients with and without previous fractures. Furthermore, a simple
and accurate pulse-echo ultrasound method was introduced for the
determination of cortical bone thickness. The present results indi-
cate that the ultrasound backscatter measurements provide valu-
able, frequency dependent information on the composition, struc-
ture and mechanical properties of human trabecular bone. The
DFUS method can minimize the soft tissue related errors in ultra-
sound measurement of bone in vivo. In the clinical trial, the ul-
trasound methods were able to distinguish between subjects with
fractures from their age matched controls. In addition, simple com-
bination of subject characteristics and multi-site ultrasound mea-
surements provided a useful estimate of femoral neck BMD. There-
fore, the methodology introduced in this thesis may help to create
a foundation for osteoporosis diagnostics at the primary healthcare
level.
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SYMBOLS
A amplitude
A( f ) amplitude spectrum
C cepstrum
c speed of sound
d distance
E Young’s modulus
e acoustoelectric transfer function
f frequency
H ultrasound reflection term
h(t) reflection function
i imaginary unit
n number of samples
p pressure or statistical significance
R reflection coefficient
r correlation coefficient
s signal time sequence
T transmission coefficient
t time
u displacement of a particle
v velocity of a particle
Z acoustic impedance
z transform variable
x thickness
α attenuation coefficient
β attenuation compensation term
F Fourier transformation
∆ f frequency range
δ(t) Dirac delta function
θ angle
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τ quefrency
ν Poisson’s ratio
ω angular frequency
ρ density
|...| absolute value
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ABBREVIATIONS
AA average attenuation
ABTF apparent backscatter transfer function
AIB apparent integrated backscatter
AT axial transmission
AUC area under curve
BMC bone mineral content normalized with BV
BMD bone mineral density
BUA broadband ultrasound attenuation
BUB broadband ultrasound backscatter
BV bone volume
BV/TV bone volume fraction
CC collagen content normalized with BV
CT computed tomography
CV coefficient of variation
DFUS dual frequency ultrasound
DI density index
DPA dual photon absorptiometry
DXA dual energy X-ray absorptiometry
FAS first arriving signal
FemUS femur ultrasound scanner
FSAB frequency slope of apparent backscatter
FRAX fracture risk assessment tool
FWHM full width at half of the maximum
FTIR Fourier transform infrared
HR-pQCT high-resolution peripheral quantitative computed tomography
IRC integrated reflection coefficient
nBUA normalized broadband ultrasound attenuation
PE pulse-echo
pQCT peripheral quantitative computed tomography
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QUS quantitative ultrasound
QCT quantitative computed tomography
RMS root mean square
ROC receiver operating characteristic
ROI region of interest
SD standard deviation
SOS speed of sound
TSAB time slope of apparent backscatter
TT through-transmission
Tr.Sp trabeculae separation
Tr.Th trabeculae thickness
TV total volume
TOF time of flight
vBMD volumetric bone mineral density
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1 Introduction
The human skeleton undergoes a continuous renewal throughout
the lifespan. However, the bone mass gradually begins to decline af-
ter approximately 35 years of age due to natural changes in the bone
resorption rate. Osteoporosis is a skeletal disorder which manifests
itself as an accelerated increase in the resorption rate leading to
a deterioration in the mechanical integrity of bone, exposing in-
dividuals to an increased risk of fractures. It has been estimated
that 200 million people worldwide have osteoporosis [136]. Post-
menopausal women are thought to display the highest risk of mor-
bidity; up to 30% of Caucasian women over 50 years of age suffer
from osteoporosis [85]. The lifetime risk of suffering an osteoporotic
fracture after the age of 50 years has been estimated to be 40-53%
for women and 13-22% for men [83]. During the first year after a
hip fracture occurring at or over 65 years of age, over 24% of the pa-
tients will die [91]. The highest mortality rates are associated with
fractures at the proximal femur in both sexes though being slightly
higher for men [31]. Osteoporosis is becoming more prevalent with
the increasing mean age of populations. Fortunately, during re-
cent years, some forms of effective fracture preventive medication
has been introduced [70] and lifestyle interventions may be used
to prevent hip fractures [102]. However, diagnostics and screening
of osteoporosis could not have been realized at the primary health
care level with the currently available methodologies.
According to the definition of the World Health Organization
(WHO), osteoporosis is diagnosed when the bone mineral density
(BMD) is 2.5 standard deviations (SD) below the mean of gender
matched young individuals [85]. The diagnosis is typically based
on the determination of BMD with dual-energy X-ray absorptiom-
etry (DXA) at the femoral neck - the site that has been most exten-
sively validated [86]. The prediction of osteoporotic fractures based
on DXA measurements of axial skeleton is now well established,
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however, the most accurate fracture prediction can be reached if the
measurement is conducted at the site of the future fracture [27,109].
DXA has been accepted as the reference standard for the assess-
ment of osteoporosis and fracture risk against which the perfor-
mance of any new methodology needs to be compared [86]. Unfor-
tunately, the DXA has certain limitations preventing it from being
a true ’gold standard’ for osteoporosis management. In addition to
the criticisms of DXA methodology has received in fracture predic-
tion [39, 147], the use of ionizing radiation inevitably increases the
risk of cancer. Furthermore, the large size of the equipment, their
relatively high costs and the limited availability of the measure-
ments are issues that hinder the application of DXA for screening
or diagnostics at the primary health care level.
Several quantitative ultrasound methods have been introduced
for assessment of the skeletal status. The measurement of the broad-
band ultrasound attenuation (BUA) and the speed of sound (SOS)
through the heel have been extensively studied. A number of prospec-
tive studies have been published showing that the through-transmission
(TT) QUS measurements at the heel can predict the non-vertebral
fractures similarly as DXA [64, 65, 80, 108, 112, 146]. However, in
terms of the capability of QUS to predict vertebral fractures, some-
what contradictory results have been published [13, 76]. Since a
number of different devices are currently commercially available
for ultrasound measurements of the heel, depending on the man-
ufacturer significant differences exist in the parameter definitions,
performance and interpretation of the results [58, 122, 123]. In ad-
dition, the strength of the clinical evidence on fracture prediction
seems to vary for different devices [66].
Similarly as has been seen with DXA, the best prediction for
different fractures can be expected with the ultrasound measure-
ments at the actual sites of future fractures. As a consequence,
during recent years, the QUS research has been focused on devel-
oping techniques which could enable the measurements at relevant
fracture sites, such as proximal femur or vertebra [10,11,118]. New
pulse-echo (PE) methods have been introduced and several ultra-
2 Dissertations in Forestry and Natural Sciences No 38
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sonic reflection and backscatter-based parameters have been used to
predict different bone characteristics that contribute to the mechan-
ical strength of the tissue [32, 61, 62, 72, 73, 139, 143, 164, 169, 170]. In
principle, the entire human skeleton could be reached using pulse-
echo (PE) ultrasound measurements. However, for both TT and
PE measurements, the soft tissue layers overlying the bones have
complicated the application of these techniques in the diagnostics
of the central skeleton. Several studies have evaluated the signifi-
cant effect of soft tissue on the reliability of quantitative ultrasonic
characterization of bone [55, 96, 140].
The aim of this thesis is to introduce a novel pulse-echo method-
ology for reliable ultrasonic assessment of both cortical and trabec-
ular bone properties at the most important fracture sites. With this
in mind, the recently introduced dual frequency ultrasound (DFUS)
technique has been applied to compensate for the measurement er-
rors arising from the overlying soft tissues. The DFUS technique
has been further developed towards the use of a single transducer.
Furthermore, clinically applicable signal analysis techniques are in-
vestigated for the characterization of the trabecular bone properties
and the determination of cortical bone thickness. These techniques
have been tansferred into a portable ultrasound device, and the per-
formance can be assessed in clinical measurements. Finally, a com-
bined model including several ultrasound measurements of cortical
bone thickness and scattering from the hip is designed for the dis-
crimination of the patients with and without previous fractures and
estimation of femoral neck BMD.
Dissertations in Forestry and Natural Sciences No 38 3
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2 Structure and function of
trabecular and compact bone
The human skeletal system not only enables locomotion in conjunc-
tion with the muscles but it also provides shelter for the internal
organs. At macrostructural level bone, is composed of dense cor-
tical bone and porous cancellous bone which consists of trabecular
matrix and marrow (Figure 2.1). The calcified matrix of the cancel-
lous bone is referred to also as trabecular bone. The bones in the
human skeleton are covered with cortical bone and the cancellous
bone can be found under the cortical shell at the epiphysis of long
bones and in cuboid bones such as the calcaneus or vertebrae. Cor-
tical bone or compact bone also forms exclusively the tubular long
bones. The shape and structure of compact and cancellous bone are
constantly changing, or remodelling, in response to the mechanical
loading to which it is exposed. The relative amount of the cortical
and cancellous bone varies in the skeleton depending on the func-
tion and anatomical location of the bone. Bone tissue metabolism
occurs at the bone surface and therefore the highest metabolic ac-
tivity is considered to occur in the trabecular matrix, which has
a much larger surface area compared to the cortical bone. Thus,
osteoporotic changes can be observed first in the trabecular ma-
trix. [67, 88]
Changes in the structure and composition of bone take place
in the human skeleton due to altered mechanical loading (Wolff’s
law, [175]) or changes in the hormonal activity, which alter the bone
tissue metabolism. Bone is constantly remodelling and the changes
in bone mass are controlled by the relative activities of osteoblast
and osteoclast cells. The osteoblasts are the bone forming cells,
which become surrounded by the bone matrix and are mineral-
ized during the generation of new bone [88]. The mineralized os-
teoblasts are called osteocytes, which are the third major type of
Dissertations in Forestry and Natural Sciences No 38 5
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Endosteum
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Blood
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Figure 2.1: The skeleton consists of trabecular and cortical bone. All bones are covered by
cortical bone, while trabecular bone can be found in the internal parts of bones. Trabecular
bone consists of calcified matrix i.e. trabeculae and marrow-filled pores. (After Benninghoff
1949 and Gray 1918)
bone cells. Osteoclasts are large cells which are responsible for
bone resorption. During ageing, the total bone mass decreases but
the normal rate of loss in women is twice that occurring in men.
The bone loss rate in turn is determined by the normal ageing pro-
cess, genetic, environmental and nutritional conditions and chronic
diseases [88]. Accelerated bone loss is associated with estrogen de-
ficiency after menopause as well as with deficiencies in calcium
and vitamin D [135]. Vitamin D regulates the calcium absorption,
but decreased calcium intake alone can also decrease the intestinal
absorption [135]. A deficiency of vitamin D can lead to secondary
hyperparathyroidism, leading not only to accelerated bone loss, but
also to neuromuscular impairments increasing the risk of falls [15].
Typically during osteoporosis, the trabecular matrix porosity in-
creases and the thickness of the cortical wall decreases. Cortical
bone resorption occurs on the endosteal surface while it is con-
stantly rebuilt on the periosteum to compensate for the reduction
in the mechanical strength [132]. Annual resorption rates of 1 to
3% have been reported at the distal radius and metacarpals [2,149].
Furthermore, the difference in the thickness of the cortex may be
20% between the osteoporotic and healthy patients [2]. The bone
6 Dissertations in Forestry and Natural Sciences No 38
ii
i
i
i
i
i
i
Structure and function of trabecular and compact bone
marrow is composed of yellow marrow, a fatty tissue found mainly
in the cavities of long bones and red marrow, which is a hematopoi-
etic tissue involved with the red blood cell production and located
in the epiphysis of long bones. During ageing, the red marrow
is gradually converted into yellow marrow, first in the peripheral
and later in the axial skeleton. Furthermore, significant variations
in bone marrow composition and distribution have been demon-
strated with age but there are also differences between the gender
and different skeletal sites [100, 153].
2.1 COMPOSITION OF TRABECULAR AND COMPACT BONE
Bone tissue is a composite of minerals, water, cells, proteins and
other macromolecules such as lipids and sugars. Generally, bone
tissue can be divided into inorganic and organic phases. The inor-
ganic phase comprises 50 to 70% of the tissue and it is composed of
plate-like calcium hydroxyapatite crystals, which are 20-80nm long
and 2-5nm thick [88]. The organic phase makes up 20 to 40% of
the tissue and is mainly composed of type I collagen (90% of the
organic phase).
The collagen fibrils are arranged in triple-helix coils of approxi-
mately 1.5nm in diameter and 300nm in length. These coils are con-
nected with collagen crosslinks to stabilize the structure and form
a concentric weave [155]. Collagen crosslinks are continuously ma-
tured via enzymatic and non-enzymatic processes. The maturation
process is independent of the bone turnover rate. On the other
hand, the turn-over rate affects the relative amounts of mature and
immature collagen crosslinks [155]. The collagen structure is stiff-
ened by the inorganic matrix, which increases the tensile strength
and the elastic modulus of the fibrils [128].
The composition of calcified tissue is generally considered to be
similar in the trabecular matrix and cortical bone. An increase in the
degree of mineralization [41, 57] and decrease in the collagen con-
tent [8] during ageing have been reported in both types of tissue.
Furthermore, a reduced quality of collagen (i.e. a decrease in the
Dissertations in Forestry and Natural Sciences No 38 7
ii
i
i
i
i
i
i
Janne Karjalainen: Novel pulse-echo ultrasound methods for diagnostics
of osteoporosis
amount of collagen cross-links) has been observed in osteoporotic
patients [129]. Increased mineralization leads to a decrease in bone
toughness, and the bones become more brittle [178]. Interestingly,
a significantly lower collagen content in the bone tissue has been
observed in osteoporotic women than in healthy subjects [111](Fig-
ure 2.2). Therefore, the composition of the calcified tissue and the
quality and amount of collagen may have a significant role in risk
of suffering osteoporotic fractures.
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Figure 2.2: A microscopic image of normal (left) and osteoporotic (right) trabecular bone
structure. In osteoporosis, the changes are seen not only in structure, but also the relative
composition of mineral and collagen is altered. The Fourier transform infrared imaging
(FTIRI) can be used to determine the composition of bone tissue (lower left and right
images).
2.2 MICROSTRUCTURE OF TRABECULAR AND COMPACT
BONE
The compact cortical bone is made up of circular osteons or Haver-
sian systems which are composed of a vascular channel surrounded
by lamellar bone. Osteons are typically aligned along the long
8 Dissertations in Forestry and Natural Sciences No 38
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axis of the bone and are connected to each other by oblique chan-
nels known as Volkmann’s channels (Figure 2.1). Osteons are sur-
rounded by irregular areas of interstitial lamellae which are pre-
viously remodelled osteons. The superficial layers in cortical bone
do not contain Haversian systems. In these layers, the lamellae are
arranged in parallel with the surface in a circumferential arrange-
ment.
Trabecular bone is composed of connected rods or plates of bone
tissue, and the principal orientation of the rod- or plate-like struc-
ture is aligned along the primary direction of mechanical loading.
The thickest trabeculae may contain Haversian systems to enhance
tissue metabolism [103]. The mean trabeculae thickness in human
bone is approximately 150 microns but it can vary at different skele-
tal sites up to 30% [45]. The typical parameters that describe the
structure of trabecular bone are presented in Table 2.1.
Table 2.1: Typical structural parameters determined by means of high resolution computed
tomography for human trabecular bone samples extracted from different skeletal sites
Study, author Location BV/TV Tr.Th Tr.Sp Condition
(%) (µm) (µm)
Ulrich et. al. [152] Calcaneus 11.7 127 684 Normal/
Bone disorders
Hildebrand et. al. [68] Calcaneus 12.0 129 679 Normal
Ulrich et. al. [152] Femur 20.7 172 706 Normal/
Bone disorders
Hildebrand et. al. [68] Femur 26.1 194 638 Normal
Chappard et. al. [34] Femur 18.3 117 540 Osteoporotic
BV/TV = Bone volume fraction, Tr.Th = Trabecular thickness, Tr.Sp = Trabecular
spacing
During ageing or osteoporosis, the loss of bone mass causes two
types of structural changes [132]. First, the thickness of the cortical
Dissertations in Forestry and Natural Sciences No 38 9
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layer decreases due to endosteal resorption. The pores in the endos-
teum become larger and the structure begins to resemble that of tra-
becular matrix. Second, the trabecular bone becomes more porous.
The resorption in a trabeculae finally perforates the interconnected
structure. Even though the cortical bone comprises approximately
80% of the human skeleton, the remodelling rate in trabecular bone
is five to ten times the rate in cortical bone because of the larger sur-
face area (approximately 10 fold surface to the volume ratio) of the
trabecular matrix [88]. The adaptation of cortical bone to increased
mechanical loading manifests itself as an increase in the thickness
of the cortical layer or as an alteration in the shape of the tubular
long bones. In trabecular bone, the trabeculae become thicker and
the matrix is remodelled to orientate along the primary direction of
the mechanical stress.
2.3 MECHANICAL PROPERTIES OF TRABECULAR AND COM-
PACT BONE
The inorganic and organic phases contribute to different mechanical
characteristics of the tissue. The inorganic, i.e. the mineral phase,
contributes to the ability of the bone tissue to withstand compres-
sion i.e. stiffness [41], whereas the organic phase contributes to
its ability to absorb energy, i.e. toughness [22, 158]. Therefore the
mechanical properties of the tissue are different in bones with dif-
ferent compositions or stages of collagen cross-linking. Due to the
collagen alignment and mineral structure, the mechanical proper-
ties of the bone tissue are highly anisotropic [128]. Furthermore,
both cortical and trabecular bone are considered to be viscoelastic,
since their mechanical properties (e.g. Young’s modulus or ultimate
strength) depend on the rate of deformation [137].
Experimentally, the mechanical properties of bone are typically
determined in tension, shear or compression. Compression tests
are the most commonly used methods to characterize the mechan-
ical properties of the tissue. During compression the applied force
and deformation of the sample are recorded. The force-deformation
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curve makes it possible to examine the absorbed energy needed to
reach the yield or failure load of the bone and stiffness which is
determined as the slope of the curve. The stress-strain plot is de-
rived from the force-deformation curve which can be used to deter-
mine the elastic or Young’s modulus, yield strength and ultimate
strength. The toughness, obtained from the area under the stress-
strain curve, represents the energy needed to reach the yield point.
The total mechanical load that whole bone can withstand is de-
termined by various properties in addition to the composition of
the bone. At the tissue level, the mechanical properties of bone
are determined by its mineral structure, the amount of collagen
cross-links and the relative amount of mineral and collagen. It has
been shown that the collagen denaturation decreases significantly
the toughness and strength of bone tissue whereas the elastic mod-
ulus remains unaffected [158]. At the microstructural level, the me-
chanical properties of the trabecular matrix are determined by the
amount of calcified tissue and orientation, shape and thickness of
the trabeculae. Because of structural anisotropy and compositional
inhomogeneity in the tissue, the mechanical properties are highly
anisotropic. This anisotropy is further emphasized at organ level
because of the varying shape of the cortex and bone geometry. At
the proximal femur and vertebra, the most severe fracture locations,
typical values of mechanical properties measured for human trabec-
ular and cortical bone are presented in Table 2.2.
The mechanical strength and the density of the cortical bone have
been shown to decrease with age after the third or fourth decade of
life [29,156]. Furthermore, the ultimate strength of femoral trabecu-
lar bone samples decreases by approximately 58 % from 30 years of
age until the 90 years of age at an annual decrease of 8 % [110]. It is
quite apparent that the loss of bone mass has a major role in the re-
duction of the mechanical strength. However, as the composition of
the tissue also changes, i.e. mineral content increases and collagen
level decreases, the toughness of the tissue is reduced in conjunction
with ageing. In addition, structural changes occur during ageing in
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Table 2.2: Mechanical properties of human trabecular and cortical bone samples extracted
from different skeletal locations. The trabecular bone samples show a significant site-
dependent variation in mechanical properties.
Study, author Bone type Location Elastic Ultimate
Orientation modulus strength
(MPa) (MPa)
Hoffmeister et. al. trabecular femoral 187 5.5
[73] head
Hakulinen et. al. trabecular femur 2085 22.9
[62] caput
Hakulinen et. al. trabecular trochanter 402 4.7
[62]
Follet et. al. trabecular vertebra 75 0.9
[51]
Reilly et. al. cortical femoral 18200 205
[138] longitudinal shaft
Reilly et. al. cortical femoral 11700 131
[138] transverse shaft
both trabecular and cortical bone. In osteoporosis, the porosity of
trabecular matrix has been found to increase and the cortical layer
to become thinner. The thinning of the cortex occurs as the porosity
of the endosteum increases and the endosteal cortical bone struc-
ture starts to resemble trabecular bone [132]. However, in cortical
bone, the decrease in bone mass may lead to adaption of the tissue
e.g. by increases in the radius of tubular bone to compensate for
the impairment in its mechanical strength. Taken together, the ul-
timate strength of the whole bone is determined by several factors
and extensive variation has been reported e.g. in the failure loads
of whole proximal femoral bone (800 - 15000N) [26].
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3 X-ray methods for diagnos-
tics of osteoporosis
3.1 DUAL ENERGY X-RAY ABSORPTIOMETRY (DXA)
The dual energy X-ray absorptiometry (DXA) method was intro-
duced in 1987 as a successor to dual photon absorptiometry (DPA).
The basic physical principles behind these techniques are rather
similar, however, the production of photons with DXA is based on
the use of an X-ray tube instead of using a radionuclide source
[121]. This led to shorter imaging times and enhanced resolution
due to the higher photon flux, and in this way provided better pre-
cision and accuracy. In the DXA method, absorption of photons
is measured at two specific energies (typically 40 and 70 keV). The
patient lays on an examination table while an X-ray beam and an
array of detectors scan over the body. From the two-dimensional
absorption projections, a bone mineral density (BMD) map is cal-
culated. In order to determine the BMD of the bone, attenuation
by the overlying soft tissue must be eliminated. This is done by
determining the composition of soft tissue adjacent to the bone by
using the same dual energy absorptiometry technique. AIn fact,
the DXA measurement represents an accurate method to determine
the soft tissue composition [94, 174]. The diagnostics of osteoporo-
sis is made via the determination of the T-score, a measure of the
number of standard deviations from the reference BMD values of
healthy young individuals, and osteoporosis is diagnosed when the
T-score is below -2.5 [87]. The central skeleton is the most relevant
measurement site, since this is the site suffering the most severe
fractures. Those devices that measure this location or the whole
body are often referred to as axial or central DXA devices. The
DXA-method has also been applied for measurements of periph-
eral locations, such as the heel and palm. Nonetheless, the periph-
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eral DXA devices have been able to displace DXA from its standard
position in diagnostics. Peripheral DXA instruments require device
specific T-score thresholds if one wishes to identify individuals with
osteoporosis and furthermore, since there is only a moderate cor-
relation between the peripheral and axial BMD (r = 0.5-0.6), it has
been estimated that over 40% of the patients would need an addi-
tional referral to the axial DXA measurement [16]. Typical images
obtained by an axial DXA scan over a proximal femur and lumbar
vertebra, including the most common regions of interest for analy-
ses, are illustrated in Figure 3.1.
a. b.
1.
4.
5.
3.
2.
T12
L1
L2
L3
L4
Figure 3.1: a.) Typical regions of interest for calculation of hip BMD: 1. Upper femoral
neck, 2. Lower femoral neck, 3. Wards, 4. Trochanter, 5. Shaft and b.) Analysis regions
(typically L1-L4) for lumbar spine DXA measurement.
The main steps in the management of osteoporosis include di-
agnostics, fracture risk assessment and follow-up of the treatment
[18]. The popularity of DXA is based on the consensus that DXA
measurements at the hip or spine should be interpreted using the
WHO T-score definition of osteoporosis [86] and that the DXA scan
of the hip has been found to be the best technique (at least of
the currently clinically available techniques) to assess hip fractures
[147]. Furthermore, the reproducibilities (coefficient of variation
(CV) at vertebra (1.12%), femoral neck (2.21%) and total hip (1.32%),
[133]) of the BMDmeasurement are rather good, which is important
if one wishes to have a reliable follow-up of the effect of a treatment
or to monitor the progress of the disease.
It has been shown that the most reliable prediction of future
fractures is reached by measurements at the actual site of the fu-
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ture fracture. Thus, the risk of a hip fracture is best assessed by
the proximal femur BMD [27, 109], whereas vertebral fractures are
best predicted by measurements of the lumbar vertebrae [109]. The
capability of peripheral devices to predict hip fractures has been
shown to be inferior compared to that of axial measurements [27].
The hip (proximal femur) BMD is a better predictor for most types
of fractures than the lumbar spine BMD or BMD at peripheral lo-
cations [147]. The BMD values measured for different sites reveal
a steady decline during ageing after approximately 20 years of age
(Figure 3.2) [63, 142]. The average annual femoral neck BMD loss
after the age of 50 years is 1.5% in men and 0.9% in women [89].
However, after a hip fracture, the BMD values decrease even more
dramatically [106].
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Figure 3.2: Illustration of average femoral neck BMD in females as a function of age in
the normal reference population (GE Lunar prodigy, Finland reference population v.110).
The grey area depicts the ± 1SD limits. Already after approximately 20 years of age the
normal BMD values begin to steadily decrease. During the first year after a hip fracture
the annual decrease in BMD can be over ten times higher [106].
Despite its name, the bone mineral density is not really a mea-
sure of the true mineral content of the bone tissue. Bone tissue is
composed of organic and inorganic components and water which
contribute to X-ray absorption. Further, at the macrostructural level,
the X-ray absoption is influenced by the bone marrow [97] and as
the amount of yellow marrow increases during ageing, it can af-
fect erroneously the follow-up of age related changes in the BMD
values. Since the DXA algorithm solves the bone mineral density
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by assuming a two component body composition (i.e. soft tissue
and bone mineral (hydroxyapatite)), any variation in the soft tissue
composition will also affect the results [17]. The BMD measure-
ments have been shown to depend also on the bone-structure and
the bone-shape, resulting in inaccuracies of up to 35% for mea-
surements at lumbar vertebrae [21]. A significant limitation of the
DXA technique is the planar imaging, reporting the BMD per area
as g/cm2, not per volume. Furthermore, the structural character-
istics e.g. the trabecular shape, size, number or orientation cannot
be assessed. In addition, it is not possible to separate the prop-
erties of cortical and trabecular bone. The use of DXA requires
trained personnel, e.g. incorrect patient positioning, scan analysis
or mistakes in interpretation may lead to mistakes in diagnosis and
therapy [159]. Furthermore, it should not be forgotten that a DXA
measurement always exposes the patient to certain radiation dose.
Although, the radiation dose in the modern DXA devices is small
(in the range of 6.7-31µSv) [121], it still interferes with the feasibility
of the technique for large scale screening of the population.
3.2 QUANTITATIVE COMPUTED TOMOGRAPHY (QCT)
In quantitative computed tomography measurements, the X-ray ab-
soption profiles are obtained while typically, the source and the de-
tectors rotate around the object. The absorption projections at dif-
ferent angles are then processed to reconstruct a three-dimensional
illustration of the imaged object. In the quantitative determination
of vBMD, a calibration phantom is imaged simultaneously with the
patient. The clinical CT devices designed for whole body scans can
have a resolution up to 300µm. The peripheral QCT (pQCT) devices
have a significantly smaller field of view and can reach a resolution
of 200µm. The next generation high-resolution pQCT (HR-pQCT)
devices can go as low as 82 microns in resolution [105], close to
that achieved by µCT devices (resolution 0.8-35.5µm, for only small
samples). The clinical pQCT devices are designed mainly for mea-
surements of tibia or radius. If one wishes an accurate quantifica-
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tion of trabecular bone micro-architecture, then a resolution of 10
to 20µm would be desirable [81].
The acquisition of 3D images allows various quantitave and
qualitative analyses of bone geometry. For instance, the imaging
of the whole hip permits a three-dimensional evaluation of hip ge-
ometry which can be used to assess geometrical parameters (e.g.
femoral shaft-neck angle) and may be further used to determine
the ultimate mechanical stresses that the hip can withstand at dif-
ferent loading geometries or impacts by means of finite element
modeling. Naturally, the main advantage over DXA is that volu-
metric BMD (vBMD) can be determined for trabecular and cortical
bone separately. High resolution pQCT or µCT measurements pro-
vide also an evaluation of trabecular bone structure (e.g. trabecular
thickness (Tr.Th), trabecular spacing (Tr.Sp), anisotropy and bone
volume fraction (BV/TV)).
It has been suggested that the prediction of the mechanical prop-
erties and diagnostics of osteoporosis could be improved by the
three-dimensional analysis of bone microarchitecture in vivo [152].
This has been emphasized by recent studies showing improved pre-
diction of vertebral failure load with geometrical and vBMD pa-
rameters in comparison to the femoral neck BMD measured with
DXA [25]. Further, patients with vertebral fractures were better
identified by QCT than DXA measurements at lumbar spine or
femoral neck [176]. With high resolution CT scans, also mild frac-
tures affecting the mechanical strength of bone but not bone mass,
could be assessed via the determination of the structural param-
eters [171]. Even though QCT measurements provide a signifi-
cant advantage over DXA, both suffer from similar technical lim-
itations. The BMD values determined with both techniques have
been shown to depend on the bone marrow composition and to
provide an underestimate of values of bone mineral content when
compared to chemical analyses [97]. On the other hand, the radi-
ation dose induced by a QCT scan of a hip is significantly higher
than that of DXA (1mSv vs. 10µSv), which limits the applicabil-
ity of the technique for screening or standard diagnostics. On the
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other hand, the radiation dose of peripheral QCT, is quite low (2
µSv/slice) compared to that of the hip scans.
The clinical pQCT measurements have been especially targeted
for the distal radius as the wrist fractures represent a high risk fac-
tor for future osteoporotic fractures [40]. It has been shown in vitro,
that especially the geometrical properties (cortical area or thickness)
and the moment of inertia derived from these measures, can predict
the fracture load at distal radius and femoral neck, respectively [6].
However, the measurement of vBMD in combination with the geo-
metrical properties may provide a better prediction of failure load
than density measures alone [5]. The site-specific measurements
with either DXA or pQCT are better at predicting the failure of dis-
tal radius than nonsite-specific measures of bone density or geom-
etry [101]. In a recent study, pQCT was able to discriminate those
patients with wrist or hip fractures [154]. For the clinical use of the
QCT and pQCT in the management of osteoporosis, the Interna-
tional Society for Clinical Densitometry (ISCD) published its official
position in 2007 [47]. The ISCD stated that the QCT of spine and
pQCT of radius predict vertebral and hip fractures, respectively, in
post-menopausal women. However, there is not sufficient evidence
about men. The final conclusion was that definite advice on the
clinical use of these techniques cannot be provided until more data
has emerged.
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4 Ultrasound methods for di-
agnostics of osteoporosis
The methods developed for bone densitometry are mainly based on
the use of either X-rays or ultrasound. These techniques interact dif-
ferently with bone tissue due to the different physical phenomena
on which they are based. The X-ray absorption is mainly controlled
by the amount of mineral in the bone tissue. In contrast, the propa-
gation of ultrasound in bone tissue is affected by the tissue structure
and the organic and inorganic composition of the calcified matrix.
In addition, the properties of the bone marrow have a significant
effect on ultrasound propagation [7,119]. The ultimate goal of bone
densitometry, in addition to the determination of skeletal status and
initiation of treatment, is to provide an estimate of the mechanical
integrity of the tissue, i.e. the risk of fracture. Although the X-ray
methods (e.g. the DXA measurement) do provide valuable informa-
tion on the bone mineral density, they give no information about or-
ganic composition or microstructure, which significantly contribute
to the mechanical properties of bone. In contrast, the interaction of
ultrasound and bone is influenced by all of the characteristics of a
bone that determine its mechanical properties. However, extract-
ing all this information from the ultrasound signals and relating it
to bone properties is a complicated task, which has intrigued and
puzzled researchers all over the world for more than two decades.
When using diagnostic medical ultrasound, a propagating ul-
trasound wave induces variations in pressure, density and temper-
ature. These variations are small compared to their baseline values
in medium. This is the basic assumption about ultrasound prop-
agation in trabecular bone. Then, ultrasound interacts with bone
tissue via reflection, refraction, scattering and absorption phenom-
ena. The physical interactions and their magnitude depend on the
mechanical properties of the tissue, which are controlled by tis-
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sue composition and microstructure. Absorption losses, e.g. mode
conversion and transformation of acoustic energy into heat by vis-
cous relaxation processes, are determined by material properties
(i.e. composition and structure of the tissue). The tissue compo-
sition contributes also to the acoustic impedance and therefore di-
rectly affects the magnitude of reflection (or scattering) occurring at
the trabeculae-marrow interfaces. The degree and pattern of scat-
tering is determined largely by the size, shape, distribution and
elasticity of the scatterers [35, 161]. The thickness and shape of the
individual trabeculae are critical for physical interactions since the
shape of the scattered sound field and its intensity are related to the
relative dimensions of the scatterer. When the thickness of an in-
dividual trabeculae is greater than the wavelength, then the sound
field is reflected specularly. In turn, if the scatterer dimensions are
much smaller than the wavelength, then the sound field will be
radiated uniformly in all directions. In the case where there are
similar wavelength and scatterer dimensions, the scattered sound
field is rather complex, depending on the dimension and acoustic
impedance of the scatterer. In this case, the scattered sound field
patterns have been presented by Faran as being spheres and cylin-
ders [48]. Furthermore, since the trabecular orientation in human
skeleton varies, the acoustic properties are anisotropic and depend
on the direction of the ultrasound propagation with respect to the
primary direction of the mechanical loading of the bone.
4.1 BASIC PHYSICS OF ULTRASOUND
In this chapter, the basic physics behind the propagation of ul-
trasound wave in an isotropic elastic medium will be described.
The fundamental equations that describe the propagation of sound
waves are presented in the Table 4.1. Every material has its charac-
teristic acoustic impedance Z describing the acoustic "conductivity"
of the medium. In analogy with electricity, characteristic impedance
is a complex quantity, determined by its resistive and reactive com-
ponent (i.e. real and imaginary parts). In Table 4.1, a simplified re-
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lationship of acoustic impedance with material density and sound
velocity is presented, assuming a planar sound wave propagating
in a non-absorbent medium. At a planar discontinuation of acoustic
impedance, the sound wave is partially reflected with an amplitude
described by the reflection coefficient R. The amplitude of the reflec-
tion depends on the difference between the acoustic impedances of
the materials forming the interface. The transmitted portion of the
wave continues to travel in the medium at certain refraction angle
depending on the difference between the acoustic impedances at
the interface and the angle of incidence of the wave.
Table 4.1: Basic equations describing the propagation of planar sound waves in isotropic
elastic medium [172]
Parameter Equation
Particle displacement u = u0sin(ωt− φ)
Acoustic impedance Z = ρc
Sound wave pressure p = ρcv
Sound wave amplitude A = A0e
−2α( f )d
Reflection coefficient R = Z2cosθ1−Z1cosθ2Z2cosθ1+Z1cosθ2
Transmission coefficient T = 4Z1Z2cosθ1cosθ2
(Z2cosθ1+Z1cosθ2)
Sound velocity in isotropic elastic solid c =
√
E(1−ν)
ρ(1+ν)(1−2ν)
Z = acoustic impedance, A = amplitude, E = Young’s modulus, ν = Poisson’s ratio,
ρ = density, d = distance, t = time and α = attenuation coefficient. θ1 and θ2 are the
angles of the incidence and refraction, respectively. Subscripts 1 and 2 refer to the
first and second medium.
As the ultrasound pulse travels through a bone, the attenuation
losses may be described by the inverse exponential power law (Ta-
ble 4.1). The attenuation coefficient α is composed of losses due
to absorption, reflections and scattering at acoustically inhomoge-
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nous interfaces. In human tissues, these phenomena are highly
frequency dependent. The sound velocity in a medium is deter-
mined by the density, elastic modulus and the Poisson’s ratio. In
cancellous bone structure, a slow and a fast wave can be detected
as has been verified in several theoretical and experimental stud-
ies [30, 49, 77, 173]. The fast wave occurs due to the in-phase move-
ment of the solid and marrow components, whereas the slow wave
propagation is considered to occur as these components vibrate out
of phase [49]. In addition, two different velocities (group and phase
velocity) are determined for dispersive media. The bone tissue is
considered as a dispersive medium, meaning that the phase and
group velocities are not the same in the tissue. The phase velocity is
the speed of a single frequency component of the wave, whereas the
group velocity is the speed of the wave packet. In bones, the phase
velocity can alter as a function of frequency, i.e. velocity dispersion
may occur. Negative dispersion (a decrease in phase velocity along
the frequency) has been reported over a frequency range of 0.35-
0.6 MHz [44, 78, 131]. However, at higher frequencies (2 MHz) the
dispersion has been reported to be negligible [131].
The determination of many quantitative ultrasound parameters
requires the use of the substitution technique. In the substitution
technique, the ultrasound signal reflected or scattered from or prop-
agated through the sample, is determined either in the time domain
or in the frequency domain and is normalized with a reference sig-
nal obtained from the measurement through a water bath (the TT-
geometry) [99] or from a perfect (or known) reflector (e.g. a polished
steel plate or the water-air interface) at a focal distance (end of the
near field) [144]. Thereby, the effects of measurement setup and
hardware related errors are minimized.
In the calculation of the through-transmission parameters, the
ultrasound pulse is transmitted through the bone and recorded
with a second transducer at the opposite side of the object. In in
vivomeasurements, due to the contributions of the surrounding soft
tissues, cortical bone and trabecular matrix, the transmitted pulse is
modified by the complex phenomena described in the previous sec-
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tion. The pulse is attenuated and the time-of-flight is altered when
compared to the reference measurement conducted by using the
substitution technique. In the TT geometry, the parameters most
often determined are BUA and SOS and clinically the most com-
monly used frequency range is 0.2 - 0.6 MHz. After their introduc-
tion into clinical use, these parameters have been applied in many
diagnostic devices. However, the technical details in determination
of especially SOS varies among the manufacturers from device to
device. Several different algorithms for determination of SOS have
been developed, and a method for standardization of the SOS (de-
termined with different algorithms) has been proposed [167]. The
mathematical definitions for through-transmission parameters are
described in the Table 4.2.
Table 4.2: Mathematical definitions of the most common through-transmission parameters.
Parameter Equation
SOS
cwxb
xb − (∆tcw)
Attenuation* 20xb (log10(
Aw( f )
As( f )
) + log10(Tws( f ))(Tsw( f )))
AA 20xb∆ f
∫
∆ f (log10(
Aw( f )
As( f )
) + log10(Tws( f ))(Tsw( f )))
c = sound speed. Subscripts b and w refer to bone and water, respectively. x =
thickness of the sample. ∆t = time of flight difference through the water bath, As
and Aw = ultrasound pressure amplitude spectra measured through the water bath
with and without the sample, respectively. T is the transmission coefficient and
the subscripts ws and sw refer to water-object, object-water interfaces, respectively.
∆ f = frequency range. *normalized Broadband Ultrasound Attenuation (nBUA)
is determined as a slope of the linear part of the attenuation spectrum normalized
with the sample thickness.
The average attenuation (AA) is determined as the absolute attenu-
ation (dB/cm) over the effective frequency band (above -6dB) rather
than as a slope of the linear part of the attenuation spectrum (BUA).
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The absolute values of most TT parameters, as well as those of PE
parameters, depend on the frequency in use. In general, the ul-
trasound parameters show significant linear correlations with the
bone mineral density of trabecular bone. However, BUA has been
found both numerically and experimentally to exhibit significant
nonlinearity at high BMD values [7, 69, 151].
In the calculation of different parameters from an ultrasound
signal, measured for a trabecular bone sample using the PE-technique,
specific time windows are used to gate the regions of interest from
the time domain signal. The length of the time window for reflec-
tion (e.g. used for the determination of integrated reflection coeffi-
cient IRC) can be determined as the width of the reference signal
reflected from a perfect reflector (a polished steel plate or a water-
air interface). However, when an attenuating material is placed
between the transducer and bone, the reflected ultrasound pulse
becomes longer due to the low-pass filtering by the interfering ma-
terial. This should be considered especially in in vivo applications.
The centre of the reflected pulse can be determined as the maxi-
mum of the envelope of the signal. In the case of trabecular bone
samples, the time window for backscatter parameters (e.g. for deter-
mination of apparent integrated backscatter (AIB) and broadband
ultrasound backscatter (BUB)) can be located immediately after the
IRC window. In order to verify that no energy from the surface re-
flection is included in the backscatter window, the backscatter win-
dow may be delayed, leaving a gap between the two time windows.
The length of the pulse depends on the center frequency and the
width of the spectrum, therefore the lengths of the time window
should be matched with the frequency in use. The mathematical
definitions for the most common PE parameters are presented in
Table 4.3.
In the calculation of BUB, different functions have been applied
for compensating the attenuation inside trabecular bone. All these
require prior knowledge of the frequency dependent attenuation
coefficient and sound speed c in the trabecular bone. These param-
eters can be determined with the through-transmission measure-
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Table 4.3: Mathematical definitions of the most common pulse-echo parameters.
Parameter Equation
IRC 1
∆
f
∫
∆ f 20(log10(
An( f )
Ar( f )
))
AIB 1
∆
f
∫
∆ f 20(log10(
Ab( f )
Ar( f )
))
BUB 1
∆
f
∫
∆ f 20(log10(
Ab( f )
Ar( f )
) + β)
∆ f is the frequency band for analysis (determined as the part of the spectrum
above the -6dB). As denotes the amplitude spectrum of a signal. The subscripts n
and r refer to signals gated at the surface reflection of sample and perfect reflector,
respectively. Subscript b refers to the backscatter window inside the bone. β is the
attenuation compensation term.
ments. For compensation of the attenuation in a scattering medium,
O’Donnel and Miller [126] proposed the following equation
βOM = e
4α( f )x0(
2α( f )ctw
eα( f )ctw − e−α( f )ctw
). (4.1)
where tw is the length of the backscatter time window. If the backscat-
ter time window is placed directly after the reflection at the bone
surface, the propagation distance of sound wave within the sample
(centre of the time window) x0 can be written as follows
x0 =
ctw
4
(4.2)
Equation 4.1 applies when using the power spectra of the attenua-
tion. The square root of the equation 4.1 gives the formula when
using the amplitude spectra. By taking the logarithm and inserting
equation 4.2, this yields
βOM = 20 log10[e
1
2 α( f )ctw(
2α( f )ctw
eα( f )ctw − e−α( f )ctw
)
1
2 ] (4.3)
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The O’Donnel and Miller compensation has been formulated for an
average backscatter function measured from a volume containing
randomly distributed cylindrical scatterers. Therefore, it may be
suitable for compensating for the backscatter from the trabecular
bone samples that have been measured by averaging backscatter
signals over the sample.
No perfect mathematical expression exists for compensation of
the attenuation in the tissue. However, enhancements are con-
stantly made and comparisons between different techniques have
been presented [14, 127]. Attenuation compensation would require
prior knowledge of attenuation coefficient and speed of sound in
the tissue, which makes the application of BUB clinically unfeasi-
ble. Instead, the AIB requires no attenuation compensation, making
it more suitable for in vivo measurements.
The relative contribution of scattering to energy loss of ultra-
sound beam in trabecular bone, in comparison to absorption, has
been an issue for model analyses [168]. The relative involvement
of these physical mechanisms has not been totally clarified. How-
ever, at diagnostic frequencies (0.2 - 0.6 MHz), the absorption may
make a larger contribution to the total attenuation than the scatter-
ing [23, 161]. In general, experimental results have confirmed the
theoretical predictions for the increase in the attenuation coefficient
and backscatter coefficient in conjunction with frequency [61, 140].
Jenson et al. reported that the backscatter coefficient increases at a
lower frequency range (0.4 - 1.2 MHz) from approximately -35 dB
to -20 dB [82] whereas an increase from -26.6 dB to -15.9 dB has
been reported for a wider range of centre frequencies (0.5 MHz and
5.0 MHz), respectively [61].
4.2 CLINICAL METHODS
The first quantitative ultrasound measurements in vivo at human
heel were done by Langton et al. (1984) [99] (Figure 4.1). Sub-
sequently, the heel has been the main location for ultrasound as-
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sessment of osteoporosis. Langton et al. applied the TT-geometry
in which two transducers are placed at a known distance on the
opposing sides of the heel. One transducer emits and the second
receives the pulse transmitted through the heel. Several variations
of this technique have been developed for clinical measurement of
BUA and SOS. As an index for bone density, (linear) combinations
of BUA and SOS are used in some commercial devices in the cal-
caneal measurements. The great number of different parameters
and slightly variable measurement techniques have hindered the
standardization and impaired the diagnostics as the same parame-
ter value with a different device can lead to a different diagnostic
interpretation.
Today, clinically available devices are designed for measure-
ments at calcaneus, tibia, radius or phalanges. Axial transmission
(AT) techniques were originally used to study fracture healing of
cortical bone in the 1950’s and were applied for measurement of
the speed of sound in the cortex of the long bones. There are sev-
eral variations to this technique. They are all based on the same
measurement principle, i.e. transmission of an ultrasound pulse to
the cortex, sound propagation along the cortical bone layer parallel
to its long axis and receiving it with another ultrasound transducer
at a known distance. Today, most of the devices use several trans-
ducers and the bi-directional transmission technique. This arrange-
ment increases the repeatability of the measurements and allows
for correction of soft tissue related errors [24]. The first instrument
designed for quantitative evaluation of bone operated at 250 kHz
and was optimized for tibial measurements [50]. The AT measure-
ments have an advantage that they can can be conducted at several
skeletal locations [93].
The suitability of the TT and AT ultrasound methods for os-
teoporosis diagnostics and fracture risk assessment have been ad-
dressed in several studies. Typically TT and axial transmission
based methods have shown moderate correlations with the femoral
neck BMD (Table 4.4). For this reason, these devices have not
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transmitter
receiver
transmitter receivers
a. b.
Figure 4.1: a) In through-transmission, the transmitting and receiving transducers are
located at opposite sides of the target object. b) Illustration of axial-transmission measure-
ment at the radius. In addition to sound propagation in a single direction in cortex, several
receiving and transmitting transducers can be used in the bi-directional mode to overcome
the soft tissue related error source.
reached clinical acceptance for standard diagnostics of osteoporo-
sis. Nonetheless, the calcaneal devices have shown similar perfor-
mance in fracture risk estimation as DXA, which has been reported
in a number of prospective studies [64, 65, 76, 80, 108, 112, 146]. Fur-
thermore, a few studies have suggested that the axial transmission
measurements at radius or hand phalanges can predict hip, spine
and wrist fractures (Table 4.4). Nonetheless, the lack of extensive
prospective studies hinder the use of the technique for fracture risk
assessment.
4.3 NOVEL METHODS
During recent years several studies have focused on developing ul-
trasound techniques for the measurement of central skeletal sites.
The through-transmission techniques have evolved significantly and
encouraging results from the measurements at the proximal femur
in vitro [12, 59, 60] and in vivo [9, 11] have been published. SOS and
BUA at the proximal femur have been significantly related to the
femoral neck BMD (r = 0.78 - 0.95) in vitro [12,59]. The femur ultra-
sound scanner (FemUS) device performs a scan over the proximal
femur such that 2-dimensional attenuation or speed of sound para-
metric images are produced. A comparable precision (CV = 0.5%)
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Table 4.4: Clinical ultrasound studies on prediction of BMD and fracture discrimination.
The correlation between the femoral neck BMD and ultrasound parameters determined
with AT or TT methods are moderate, although both techniques have been successfully
applied for discrimination of fracture patients from normal.
Study Method Parameter Correlation Fracture
with BMD discrimination
Njeh et. al. TTCalc. BUA 0.40-0.61Fem. Hip fracture
[123] TTCalc. SOS 0.30-0.55Fem. Hip fracture
Njeh et. al. ATPhal. SOS 0.61-0.76Rad. -
[124]
Wang et. al. ATTib. SOS 0.51Spine -
[157] ATTib. SOS 0.36Fem. -
Roux et. al. TTCalc. BUA 0.54Tot. Vertebral, wrist
and/or hip
[143] TTCalc. SOS 0.32Tot. Vertebral, wrist
and/or hip
Damilakis et. al. TTCalc. BUA 0.36Fem. Hip fracture
[42] TTCalc. SOS 0.30Fem. Hip fracture
ATPhal. SOS 0.35Fem. Hip fracture
Damilakis et. al. TTCalc. BUA 0.76Tot. Hip fracture
[43] TTCalc. SOS 0.69Tot. Hip fracture
Talmant et. al. ATRad. FAS - Hip, Spine or
[150] wrist fracture
The subscripts Fem., Tot., Tib. and Rad. refer to femoral neck, total hip, tibial and
radial regions of interest for determination of BMD, respectively. The first arriving
signal (FAS) velocity, is determined as speed of sound, calculated from the time
difference of first arriving detectable signal.
with the calcaneal QUS devices has been reported [11]. Recently,
the FemUS-device was shown to be able to discriminate fracture
patients from normal controls and a linear combination of several
ultrasound parameters provided a good estimate of the total hip
BMD (r = 0.85) [9]. For compensation of soft tissue related errors
in SOS, the authors applied similar approach to that of the DXA i.e.
the transmission measurement through the soft tissues adjacent to
the bone was used to correct for the soft tissue related error.
The lumbar spine has also been a target for quantitative ultra-
sound measurements in recent studies [52, 118]. The in vivo ultra-
sound measurements of lumbar spine are challenging due to the
Dissertations in Forestry and Natural Sciences No 38 29
ii
i
i
i
i
i
i
Janne Karjalainen: Novel pulse-echo ultrasound methods for diagnostics
of osteoporosis
large amount of soft tissue overlying the bone, as well as due to the
complex shape of the vertebrae. As the spinous processes form a
large error source for through- transmission measurements in the
antero-posterior direction, the first in situ measurements with in-
tact samples were conducted in the medio-lateral direction. The
ultrasound attenuation was shown to predict the failure load in a
vertebrae (r = 0.93, n = 11, p < 0.01) more closely than BMD (r =
0.78, n = 11, p < 0.01) [118].
In axial transmission, two distinct wave forms can be observed,
the first arriving signal (FAS) wave and the later arriving slow
guided wave which is stronger in amplitude. Long bones can sup-
port propagation of different modes of Lamb waves (guided waves)
which are related to the geometric and material properties of bone
such as mineralization and porosity [113]. The guided waves arise
from the reflection and mode conversion of longitudinal and shear
waves at the boundaries of the cortical layer at wavelengths com-
parable or greater than the layer thickness (200-400kHz) [114, 115].
The guided-wave techniques have hold some potential in predict-
ing the cortical thickness and cortical BMD in vitro and in vivo
[115,117]. Moderate, but significant correlations have been reported
between the low-frequency (200kHz) guided waves and the me-
chanical properties of radius in vitro [116]. In a recent study with a
novel device operating at 400kHz, the velocity of the guided wave in
the radius was found to be significantly related to the site matched
BMD and cortical thickness in vivo [92]. The guided wave tech-
niques for the diagnostics of osteoporosis are under active research.
Pulse-echo techniques for bone diagnostics have been devel-
oped as an alternative to the TT or AT methods. In this technique,
only one ultrasound transducer is applied for the measurement of
ultrasound scattering and reflection parameters. Advantageously,
the PE measurements may be conducted at typical fracture sites
that are not readily accessible with the TT techniques. Reflection
and backscatter parameters have been shown to associate with the
structure, BMD and mechanical properties of trabecular bone in
vitro [32,61,62,73,74,130]. Hoffmeister et al. [72] used an ultrasound
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transducer with a center frequency of 2.25MHz, and observed that
AIB increased significantly (13.9 - 14.9%) after decollagenization of
trabecular bone samples, suggesting that the degree of backscatter
can be also significantly affected by the organic composition of the
bone tissue.
Only a few studies have applied pulse-echo backscatter mea-
surements in vivo, first at the calcaneus [143, 170] and recently at
the lumbar spine [52]. Wear et al. measured relative ultrasonic
backscatter (uncompensated for attenuation, similar to AIB) at cal-
caneus and found a strong correlation with the calcaneal vBMD
(r = 0.87) [170]. The BUB parameter was first applied in vivo at
calcaneus by Roux et al. [143]. BUB was able to discriminate frac-
ture patients from normal controls, however, the correlation with
the total hip BMD was low (r = 0.34). Furthermore, PE techniques
have been suggested to be feasible for the measurement of cortical
bone thickness in the shafts of long bones [163]. The measurement
provides direct information on the cortical thickness that is signif-
icantly reduced during osteoporosis and may allow assessment of
the strength of tubular bones [2].
Another approach for estimating properties of trabecular bone
using the backscatter measurements is the determination of the
spectral centroid shift [52, 164]. In a linearly attenuating medium,
the spectral centroid is shifted downward, by an amount that is de-
termined by the product of the attenuation coefficient of the medium,
sound wave propagation distance and the square of the bandwidth
of the pulse. Experimentally, the centroid shift can be simply deter-
mined by finding the frequency difference between the maxima of
the reference pulse spectrum and the spectrum of the pulse mea-
sured from the sample. In a recent study, the measurement of the
centroid shift (2.5MHz) was obtained through the abdomen from
vertebrae [52]. In that study, the authors reported a moderate linear
correlation between the centroid shift of the spectrum of backscat-
tered sound and the BMD of vertebrae (r = 0.61, n = 9, p < 0.05).
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4.3.1 Dual frequency ultrasound technique
The soft tissue overlying the bone can produce significant errors
on the ultrasound measurements. The dual frequency ultrasound
(DFUS) technique has been introduced for the determination of soft
tissue composition and correction of measured ultrasound reflec-
tion parameters [141]. In the DFUS method, the soft tissue layer
is considered to be composed of lean and fat tissue. Furthermore,
on needs to know the frequency dependent values of ultrasound
attenuation coefficient and speed of sound in lean and fat tissue.
Finally, the reflections at the soft tissue interfaces (i.e. lean and fat
tissue interface) and at soft tissue - bone interface are considered to
be independent of the frequency.
In this thesis, the DFUS method was further developed to use
one transducer to enhance the in vivo applicability of the technique.
Instead of using two transducers to measure a spectrum of a reflec-
tion, a single broadband transducer could be used by making the
analyses on two separate frequency bands. In the in vivo geometry,
the measured ultrasound reflection amplitude (An) at two different
frequencies can be expressed as
An,l = Hle
−2α f ,lx f e−2αm,lxmAr,l (4.4)
and
An,h = Hhe
−2α f ,hx f e−2αm,hxmAr,h, (4.5)
where the l and h refer to low and high frequencies and the f and m
to fat and lean tissues, respectively. The reflection term H includes
the reflections at the interfaces of the soft tissue layers and the bone.
The time of flight (TOF) for the ultrasound pulse reflected from
the soft-tissue bone interface can be written as follows
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TOF = 2(
x f
c f
+
xm
cm
). (4.6)
Now the thickness of the lean tissue can be calculated as
xm = (
TOF
2
−
x f
c f
)cm. (4.7)
The thickness of fat tissue x f can be derived from equations 6.1,
6.2 and 6.3
xa =
ln
An,l
Ar,l
− ln
An,h
Ar,h
− (TOF · cm(αm,h − αm,l))
(2α f ,h − 2α f ,l)−
cm
c f
(2αm,h − 2αm,l)
(4.8)
Finally, IRCuncorrected determined from the bone can be corrected
as
IRCcorrected = IRCuncorrected + 2xaα f + 2xmαm (4.9)
The IRCuncorrected is the integrated reflection coefficient deter-
mined over the frequency range of the spectrum above -6dB. The
same correction for soft tissue effects applies also for backscatter
parameters. In the case of intact bone samples or in vivo applica-
tion, the attenuation occurring within the cortical bone must also
be taken into account if one wishes to analyse true backscatter from
the trabecular bone.
In a previous study, the DFUS technique was validated in vitro at
2.25MHz and 5.0MHz, using human trabecular bone samples with
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and without overlying soft tissue. The DFUS technique decreased
the error induced by soft tissues in the reflection and backscatter
parameters from 127% to 24% and from 59% to -5%, respectively
[141].
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5 Aims of the present study
The prevalence of osteoporosis is continuously increasing. The vast
percentage (75%) of the osteoporotic patients are not diagnosed.
Effective screening of the disease has not been possible because of
the lack of suitable techniques for primary healthcare. The DXA
method has an assured position as the ’gold standard’ diagnostic
solution. However, the availability of the technique is limited due
to the relatively high costs. A low-cost, non-ionizing and accurate
diagnostic method is needed to be used in primary healthcare for
effective management of osteoporosis. In the studies conducted in
this thesis, ultrasound methods were developed to help in the clin-
ical application of this need.
The specific aims of the thesis were:
1. To investigate the sensitivity of backscatter parameters to pre-
dict mechanical and compositional properties of trabecular
bone.
2. To develop a simple ultrasound method for use in the deter-
mination of cortical thickness.
3. To develop the dual frequency ultrasound method towards
clinical use.
4. To evaluate in vivo a clinically applicable ultrasound method
for use in the diagnostics of osteoporosis and the assessment
of future fracture risk.
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6 Materials and Methods
6.1 SAMPLES AND SUBJECTS
The material and subjects for the studies are summarized in Ta-
ble 6.1. In study I, twenty cylindrical samples (diameter = 16mm,
height = 8mm) were extracted from the femoral medical condyles
(n = 10) and tibial medial plateau (n = 10) of human cadaver knees
with the permission from the national authority (National Author-
ity for Medicolegal Affairs, Helsinki, Finland, permission 1781/32/200/01).
The mean age (± standard deviation) of the donors was 57±18
years (11 males and 1 female). The ends of the sample cylinders
were parallelized with a micro-grinding saw (Macro Exakt 310CP,
Exakt, Hamburg, Germany) and the marrow within the trabecular
structure was not removed.
In study II, which was an in vitro investigation, six (n = 6) cortical
bone samples were cut from a fresh bovine tibia obtained from the
local abattoir (Atria Ltd., Kuopio, Finland) (Figure 6.1).
20mm
Measurement locations
Figure 6.1: A micro CT reconstruction of a representative cortical bone sample.
The sample slices (thickness = 20mm) were cut from the distal
shaft towards the proximal end of the tibia. The marrow in the
medullar cavity of the cortical bone sample was kept intact and
after ultrasound investigations the sample dimensions were deter-
mined with a caliper (resolution 0.05 mm) (Mitutoyo Co., Bangkok,
Thailand). Subsequently, in vivo measurements were conducted on
20 healthy volunteers (12 males, 8 females, age (mean ± SD) 35.0
± 12.7 and 42.1 ± 14.3 years, respectively). Two sites on the medial
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surface of the right tibia were examined: 1) a proximal site, 8cm
from the proximal end of the tibia; and 2) a distal site, 8cm from
the medial malleolus. In addition, one measurement site was lo-
cated on the right distal radius at approximately 15 % of the length
of the radius from the distal end of the bone.
Table 6.1: Summary of materials and subjects investigated in the studies I - IV.
Study Material Method n Site
I Human in vitro 20 Proximal Tibia, Distal Femur
II Bovine cortical in vitro 6 Tibia
Human in vivo 20 Tibia, Radius
III Human in vivo 1 Distal femur
IV Human in vivo 30 Tibia, Radius, proximal Femur
In study III, a volunteer bodybuilder (age 27 years, height 172cm,
weight 92kg) was recruited for a 21-week training and dieting pe-
riod. The morning weight was measured every week with a digital
scale. The changes in the body composition at the right distal thigh
were followed with DXA and ultrasound measurements every three
weeks. Written consent was obtained from the volunteer.
In study IV, a total of 30 women (age 74.1±3.0) from the Kuopio
Osteoporosis Risk Factor and Prevention Study (OSTPRE) cohort
were invited for the examinations. For a cross-sectional investiga-
tion, a fracture (n=14) and control (n=16) groups were formed. The
fracture group included patients (n=14, 10 collum, and 4 trochanteric
fractures) who had suffered a fracture within the last 20 years. The
randomized control group consisted of 16 age matched subjects.
Written consent was obtained from the volunteers and the study
was approved by the Kuopio University Ethical Committee (Deci-
sion 80/2008).
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6.2 ULTRASOUND METHODS
In a study I, total of four ultrasound transducers were used: V302,
V304, V380 and V307 (Table 6.2). The transducers were connected
to scanning drives and parametric images were formed in the man-
ner described in previous studies [36,61,143] for AA, SOS, AIB, BUB
and IRC (see the section 4.1). The scan step size (i.e. the pixel size
in the image) depended on the frequency applied, the step sizes
were 2.5, 1.5, 1.0 and 0.6mm for 1.0, 2.25, 3.5 and 5.0MHz trans-
ducers, respectively. The step size was selected as the width (-6dB)
of the focus, so that information from adjacent pixels would not
overlap significantly. The average value of each parameter within
the sample was calculated. In addition, the spatial variation of each
parameter within the ROI was quantified as the standard deviation
(SD). For the transmission measurement, the distance between the
opposing transducers was set to be 10cm. The centre of the sample
was adjusted at 5cm from the transducer surfaces. To calculate BUB,
the attenuation effects within the bone tissue were compensated by
measuring AA and SOS. The BUB was calculated as presented in
the Table 4.3 and compensated with the attenuation term β as de-
scribed in equation 4.3. Furthermore, AIB was calculated by using
different time windows (1-5 µs).
From the sample material (study I), 16 specimens were divided
into two groups of "osteoporotic" and "normal", based on their
porosity (BV/TV). For these samples, also nBUA (dB/MHz/cm)
was calculated as the slope of the attenuation spectrum normal-
ized with the sample thickness1. In study II, the ultrasound mea-
surements were conducted in degassed phosphate buffered saline
by focusing the ultrasound beam on the endosteum of the cortical
layer and manually adjusting the periosteum perpendicular to the
incident ultrasound pulse. For each sample, the cortical thickness
was determined at two separate sites with envelope and Cepstrum
based ultrasound signal analysis methods (n = 12) and caliper (n
= 12). Two measurement locations were selected at the proximal
1These analyses are not included in studies I-IV.
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Table 6.2: Characteristics of the focused ultrasound transducers used in studies I-IV. The
element diameter of each transducer was 25.4mm.
Model Centre frequency Focal length Beam diameter at focus (-6dB)
(MHz) (mm) (mm)
V302 1.0 42.8 2.6
V304 2.25 50.4 1.4
V380 3.5 50.1 0.9
V307 5.0 49.8 0.6
The beam diameters at foci were calculated from the information obtained from
the manufacturer data sheets (Olympus Co., Tokyo, Japan; Formerly known as
Panametrics Inc.).
and distal edges of each sample slice (Figure 6.1). In the measure-
ments, in order to position the sample, the transducer rack was
driven as close as possible to the sample, which was then manually
oriented to be perpendicular between the ultrasound incidence and
the bone surface. In the in vivomeasurements, perpendicularity was
assumed when the magnitude of the reflection from the periosteal
surface was maximal. Ultrasonic measurements were conducted us-
ing a focused transducer with a 2.25 MHz centre frequency (V304,
Table 6.2). The frequency of 2.25MHz was selected to avoid ex-
cessive attenuation in thick cortices and to reach acceptable axial
resolution.
In the time domain, the duration of an ultrasound pulse de-
termines the minimum cortical thickness detectable with the tech-
nique. The minimum thickness depends on the speed of sound in
the material and the duration of the ultrasonic pulse tp [s] and can
be defined as
Resolution = tp ·
SOS
2
(6.1)
In this study, the pulse duration was measured using the re-
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flection signal obtained from a polished steel plate immersed in
degassed water and placed at the focal point of the transducer. The
pulse width of 0.53µs was obtained as a full width of half maxi-
mum of the signal envelope [36]. In this study, the speed of sound
of 3565m/s in human cortical bone was approximated, which yields
a minimum measurable cortical wall thickness of 0.95mm. With a
cortical thickness greater than the minimum, the axial resolution is
determined by the sampling frequency rather than the pulse dura-
tion.
Cortical thickness was calculated from the ultrasound measure-
ments using two different techniques (i.e. the envelope and cep-
strum methods). In the envelope method, ultrasound reflections
from the periosteum and endosteum produced specific peaks in
the signal envelope. The envelope was calculated as a magnitude
of the discrete-time analytic signal obtained via the Hilbert transfor-
mation. The cortical thickness was obtained by multiplying the time
difference between the reflections from periosteal and endosteal
surfaces with the predefined SOS. The technical details of the cep-
strum method are elaborated further in the section 6.2.2.
In study III, the ultrasound measurements were conducted with
two transducers (models V304 and V307) operating at 2.25MHz and
5.0MHz, respectively (Table 6.2). A total of 15 ultrasound reflection
measurements were made at the right distal femur every 3 weeks
for determination of IRC and local soft tissue composition. The
transducers were steered manually, and the signal with the high-
est reflection amplitude was recorded. The soft tissue composition
was calculated from the ultrasound signals with the DFUS method
by using two transducers and with a single trasducer approach in-
troduced in this thesis(Figure 6.2). The length of the time window
(2µs) for the reflection was gated from the time domain signal by
applying a Hamming-window.
In study IV, the cortical thickness measurements and QUS mea-
surements at the hip were conducted with the V304 and V307 trans-
ducers, respectively (Table 6.2). The cortical thickness (Ct.Th) was
measured at the distal radius (Ct.ThRad) and at the proximal (Ct.ThProx)
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Figure 6.2: Schematic presentation of single transducer DFUS approach. Two frequency
bands (width 1MHz) were selected at the borders of -6dB range. The integrated reflection
coefficients obtained in this manner were inserted into the DFUS algorithm.
and distal (Ct.ThDist) tibia. The measurements were conducted at
1/3 of the length of the radius from the distal head, and at the
tibia from the proximal and distal heads, respectively. The trans-
ducer was used with a stand-off pad (thickness 40mm) (Cone In-
struments Inc., Solon, OH, USA) to enable optimal focusing of the
ultrasonic field. The measurement sites for QUS at the hip (i.e.
at trochanter and femoral neck) were first localized using a clini-
cal ultrasound imaging system (Aloka SSD-880, Aloka Inc., Tokyo,
Japan) equipped with a 5MHz linear transducer, and these were
then marked with drawing ink on the subject’s skin. After the local-
ization with the Aloka device, a total of 10 quantitative ultrasound
measurements were obtained at each location. Each measurement
consisted of 300 recorded ultrasound signals. From the 300 sig-
nals gathered, the reflections from the surface of the bone with a
magnitude of over 95% of the maximum reflection were selected
for further analyses. With this criteria, only the reflections at nearly
perpendicular angles of incidence were included in the analyses. By
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applying the 95% threshold, we assumed that the angle of incident
ultrasound pulse would vary by less than 2◦ from being perfectly
perpendicular [84]. The apparent integrated backscatter (AIB) was
determined using the signals collected from the trabecular bone in
the trochanter (AIBTroch) and neck (AIBNeck). In order to ensure that
the reflection from endosteum of the cortex was not included in the
backscatter window, the center of the analysis window (duration
1µs) for AIB was delayed to correspond to 3mm in distance, after
the center of the time window for the surface reflection. This was
considered as being sufficient since the cortical thickness is known
to vary from 1.30 to 3.06mm on the anterior side of the femoral
neck [25].
In studies II, III and IV involving in vivo measurements of hu-
man subjects, the acoustic coupling with the skin was assured by
using ultrasound gel (Aquasonic 100, Parker Laboratories Inc., Fair-
field, NJ, USA). In studies I, II and III, the ultrasound data was
gathered and digitized with UltraPAC System (Physical Acoustics
Corp., Princeton, NJ, USA). In study IV, an OPBOX-01/100 (Optel
Ltd., Wroclaw, Poland) pulser-receiver and AD-conversion board
was used. The UltraPAC and OPBOX-01/100 systems were equipped
with 8 bit AD-converters and the sampling frequencies were 125
MHz and 100 MHz, respectively. For ultrasound data acquisition, a
customized Labview (v.6i, National Instruments, Austin, TX, USA)
software was programmed. The data analysis were done with Mat-
lab (Matlab v. 6.5 and 7.0, The Mathworks Inc., Natick, MA, USA),
except in study I, in which specific Labview software was used.
6.2.1 Dual frequency technique applied in through-transmission
The DFUS solution can also be derived for the bone TT ultrasound
measurement by quantifying either the reflection from the bone sur-
faces at both sides of the sample or by conducting the measurement
through the soft tissues adjacent to the bone. The pulse transmit-
ted through the subject is attenuated in the fat and muscle tissues
overlying the bone and due to interactions in the bone and reflec-
tions at the bone-soft tissue interfaces. The attenuation caused by
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the reflection at the interface of different soft tissues is considered
negligible. Then, the frequency dependent attenuation coefficient
in the bone as corrected with soft tissue induced attenuation, can
be written as
αb( f ) =
8.686
xb
[ln(
Aw( f )
As( f )
)− αm( f )xm − α f ( f )x f − ln(TmbTbm)]
(6.2)
where α the is the attenuation coefficient and f is the frequency.
Subscripts b, m and f refer to bone, muscle and fat tissue, respec-
tively. The subscripts mb and bm of the transmission coefficients
T refer to the direction in which the ultrasound propagates at the
interface of the tissues, muscle to bone and bone to muscle, respec-
tively. The As is the amplitude of the measured pulse through the
soft tissues and the bone. In this equation, the attenuation coef-
ficient is normalized with the thickness of the bone xb. Now the
normalized BUA (nBUA) [dBMHz−1cm−1] can be calculated as the
slope of the fit to the linear part of the attenuation coefficient spec-
trum. In order to assess nBUA independently of overlying soft
tissue the measured attenuation spectrum ln(Aw/As) needs to be
compensated for the attenuation in muscle and fat tissue. The tissue
specific attenuation spectra m( f ) and f ( f ) [dBcm−1], multiplied
with the DFUS resolved thicknesses, are subtracted from the loga-
rithmic attenuation spectrum before the acquisition of the spectral
slope for determination of BUA.
In this thesis, the through-transmission based DFUS method
was evaluated with elastomer samples2. Three elastomers with dif-
ferent acoustic properties were used to mimic bone, fat and muscle
tissue (Table 6.3). The interfering elastomers 1 and 2 were used
in three different combinations with different thickness, combina-
tion 1 (elastomer 1: 3.22mm, elastomer 2: 1.19mm ), combination
2 (elastomer 1: 1.85mm, elastomer 2: 2.00mm ) and combination 3
(elastomer 1: 0.97mm, elastomer 2: 3.01mm ).
2The results of these experiments are not included in studies I,II,III or IV, but
are presented as additional data in the summary part of the thesis.
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Table 6.3: Acoustic properties (at 5.0MHz) of bone and soft tissue mimicking elastomers.
For comparison, ultrasound properties of porcine soft tissues are reported [46]
Parameter Bone Interfering Interfering Porcine Porcine
elastomer elastomer 1 elastomer 2 Fat Muscle
SOS [m/s] - 1553 1586 1486 1578
Average
attenuation 30.0 7.2 26.9 6.8 3.7
[dB/cm]
6.2.2 Cepstrum method
The history of the cepstrum method dates back to the year 1959
when B.P. Bogert noticed periodic ripples in the spectrograms of
seismic signals and the findings were finally published in 1963 [20].
This ripple in the spectrum is characteristic to any signal contain-
ing itself and an echo. Originally, the cepstrum was determined
as a power cepstrum, i.e. Fourier transformation of a logarithmic
spectrum as
c(τ) = |F (logX( f ))|2 (6.3)
where F denotes the Fourier transformation and X( f ) is the
Fourier transformed ultrasound signal time sequence x(t). The
period of the ripple on the spectrum is related to the time differ-
ence of echoes. The cepstrum method became popular and was
applied in various fields of science, e.g., in speech pitch detection,
speaker recognition, reflection interference reduction in radar and
sonar applications and in the characterization of multilayer struc-
tures [37, 104, 125]. The cepstrum method has also been proposed
as being useful for estimation of mean scatterer spacing in phan-
toms [160], and to have potential in the estimation of mean trabec-
ular spacing in trabecular bone [79]. In the previous study of Wear,
the Cepstrum method was applied for measurement of the thick-
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ness of the cortical layer of long bones [163]. A similar approach
was applied in study II of this thesis. With respect to the measure-
ment of tubular long bones, the recorded ultrasound signal x(t) can
be written as [163]
x(t) = p(t) ∗ a(t) ∗ r(t), (6.4)
where p(t) incorporates the electromechanical characteristics of
the transducer and diffraction and a(t) describes the attenuation
within the cortex. The r(t) is composed of the reflections from
the periosteal and endosteal surfaces of the bone separated by a
distance d as follows
r(t) = R1δ(t− t0) + R2δ(t− t0 −
2d
c
), (6.5)
where c is the speed of sound in cortical bone, t0 is the time
of flight for the reflection from the endosteum. The magnitude
spectrum for x(t) can obtained as
|X( f )|2 = |P( f )|2|R1 + R2e
−2α f de−i2pi f (
2d
c )|2, (6.6)
and taking the logarithm yields
2log|X( f )| = 2log|P( f )| · 2log|R1 + R2e
−2α f de−i2pi f (
2d
c )|, (6.7)
where α is the attenuation coefficient for the cortical layer. The
inverse Fourier transform of exponential factor e−i2pi f t becomes δ(s−
t), in which s is the transform variable and t = 2d/c. The cep-
strum corresponding to x(t) can be found as the inverse Fourier
transform of the equation 6.7. The difference between the deriva-
tion of the original cepstrum presented by Bogert et al. and the
method described above, is the second Fourier transformation be-
ing the inverse instead a forward one. However, for a real and even
function such as a logarithmic power spectrum, the forward and
inverse transforms give the same result. An example of application
of the cepstrum method in this thesis is presented in Figure 6.3.
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Figure 6.3: Schematic presentation of the application of the cepstrum method in this thesis.
a) An ultrasound reflection signal consisting of two echoes and its b) power spectrum. c)
The filtered power spectrum from which the frequency band above -6dB is extracted and d)
the cepstrum obtained as the inverse Fourier transformation of the filtered spectrum.
The suitability of the cepstrum method has been demonstrated
for the measurement of the thickness of the cortical layer of long
bones [163]. However, applicability of the cepstrum method has not
been addressed for measurement of thin cortices e.g. at the proxi-
mal femur. In this thesis, the potential of the cepstrum method for
determining a thin cortical layer thickness was evaluated numeri-
cally and experimentally3. Specifically, the ability of the cepstrum
technique to assess the cortical thickness in realistic situation, with
the trabecular matrix present under the cortex (e.g. in proximal
femur) was evaluated. Accurate information on cortical bone thick-
ness is important if one wishes to evaluate bone strength as well as
for reliable compensation for the attenuation in cortical bone. This
enables accurate determination of backscatter coefficient for the tra-
becular matrix and enhanced diagnostics.
Ultrasound propagation in a water - cortical bone - fat con-
struct (Figure 6.4) was simulated by using the finite difference time-
3The results of these experiments are not included in the studies I,II,III or IV,
but are presented as additional data in the summary part of the thesis.
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domain method in the Wave 2000 plus software (version 3.00 R3,
CyberLogic inc., New York, NY, USA). Eleven simulation geome-
tries were created, in which the thickness of the cortical bone was
varied from 0.5 to 1.5mm. Fat tissue was placed under the cor-
tical layer to mimic diaphyseal long bone geometry. In all simula-
tions, the properties of the transducer (in distilled water) were set as
follows: transducer diameter 10mm, center frequency 5MHz (3.35
- 6.66MHz, -6dB), focal length 30mm. The simulated ultrasound
pulse was defined to follow the shape of a sine Gaussian function
(duration 2 µs). Infinite boundary conditions were set to prevent
reflections from the outer boundaries of the geometry.
Figure 6.4: In the simulations, the surface of the cortical bone was kept at the focal distance
(30mm) from the transducer and the amount of fat was adjusted to keep the total length of
the geometry at 40mm. The simulated wavefront is depicted in white.
For in vitro experiments, five thin slices of bovine cortical bone
were cut from the tibial shaft with a low-speed diamond saw (Buehler
Ltd., Lake Bluff, IL, USA). The thickness of the samples varied from
0.5mm to 2.5mm as determined with a micrometer screw. In ad-
dition, cortical-trabecular bone samples (n = 4) were sawn from
the epiphysis of bovine tibia (Figure 6.5). The cortical-trabecular
bone samples were measured in lateral orientation using a scan-
ning ultrasound system with a resolution of 700µm (11x12 pixels
or signals). The mean cortical thickness was determined from these
signals with the cepstrum technique by using a predefined value
for speed of sound (3565m/s) in cortical bone. For reference, the
thickness of the cortical bone layer was determined with a caliper.
Experimental ultrasound measurements were conducted using a
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focused transducer (V304) operating at 2.25MHz centre frequency
(Table 6.2).
n = 4 n = 5
Figure 6.5: Cortical-trabecular bone samples with varying cortical thickness were cut from
the metaphysis of proximal tibia. Cortical slices with varying thicknesses were cut from
the tibial shaft.
6.3 REFERENCE METHODS
6.3.1 Dual energy X-ray absorptiometry
In studies III and IV, BMD and soft tissue composition was mea-
sured with a fan beam DXA scanner (Lunar Prodigy, GE Health-
care Ltd., Pollards Wood, UK). In study III, the DXA scans were
obtained at every 3 weeks. The BMD was measured at lumbar ver-
tebra (L1-L4) and proximal femur. In addition, the local soft tissue
composition was determined for ROI at the right distal thigh (Fig-
ure 6.6).
In study IV, BMD was assessed at three standard regions of the
hip, trochanter (BMDTroch), neck (BMDNeck) and total hip (BMDTotal).
The imaging and analysis protocols followed the guidelines pro-
vided by the manufacturer of the instrument. Quality standards
were ran daily prior to the examinations. The measurements were
carried out in the clinical trial center, Mediteknia, University of
Eastern Finland by specially trained personnel.
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ROI
Figure 6.6: The region of interest for analysis of BMD and soft tissue composition in study
III. The soft tissue composition was determined from the medial side of the right femur.
6.3.2 Computed tomography
In study I, the structural parameters (bone volume/total volume
fraction (BV/TV), trabecular spacing (Tr.Sp) and trabecular thick-
ness (Tr.Th) were determined using high-resolution microcomputed
tomography (Skyscan-1072, Skyscan, Aartselaar, Belgium). No model
assumption about the shape of the trabeculae was made. The voxel
size was 18× 18× 18µm3.
In study II, the thickness of the cortical bone layer was deter-
mined at identical locations as the ultrasound measurements with
an XCT 2000 peripheral QCT scanner (Stratec Medizintechnick,
Pforzheim, Germany). In all pQCT measurements, the slice thick-
ness was 2.3mm and the in-plane pixel size was 500µm × 500µm.
The pQCT images were analyzed by using Geanie 2.1 software
(BonAlyse Oy, Jyväskylä, Finland). The thickness of the cortical
layer was determined from the pQCT images as the full width at
half maximum (FWHM) of the volumetric bone mineral density
(vBMD). The edges of the cortical bone layer were identified by the
decrease of vBMD below the half of the maximum value found in
the cortical layer.
In study IV, healthy subjects and subjects with previous fracture
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(n = 19) without a total hip replacement were selected for the QCT
examinations. Prior to each QCT investigation, a quality assurance
phantom was imaged with the same setup as the patient measure-
ment. The imaging parameters were kept constant (120kVp, 60mA;
Philips Precedence CT scanner, Philips Ltd., Amsterdam, Nether-
lands), only the examination table height varied between the sub-
jects. The voxel size in the images was 0.74× 0.74× 2 mm. The
volumetric bone mineral densities (vBMD) of cortical and trabecu-
lar bone at the trochanter, neck and total scan area, were calculated
using CTXA software (Mindways Software Inc., Austin, TX, USA).
A height of 10mm was selected for the femoral neck region of inter-
est (ROI) in order to avoid the areas of acetabulum or pelvis being
included in the analyses. The measurements and analyses were
carried out in the Department of Clinical Physiology and Nuclear
Medicine, Kuopio University Hospital by specially trained person-
nel.
6.3.3 Mechanical and compositional analyses
In study I, the total volume (TV) of each sample cylinder (mar-
row included) was determined using the Archimedes’s principle.
To derive the bone volume (BV), the TV was multiplied with the
BV/TV as determined with micro-computed tomography. The BV
was then used for normalization of the biochemically determined
collagen content (CC) and the bone mineral content (BMC, which
was determined by multiplying TV with vBMD). The hydroxypro-
line content of the bone tissue was determined as an index of the
CC. Since collagen contains 14% hydroxyproline, the hydroxypro-
line concentration was multiplied by a factor of 7 to determine the
CC [139].
The ultimate strength of the samples was determined using a
destructive testing with a 200 kN material testing device (Zwick
1484, Zwick GmbH & Co. KG, Ulm, Germany) [61]. The ulti-
mate strength was determined as the maximum stress value of the
recorded stress-strain curve.
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6.4 STATISTICAL ANALYSIS
In studies I-IV, the normality of the distributions for all parameters
was tested with the Shapiro-Wilk’s test. The Pearson’s correlation
analysis was applied when associating the normally distributed pa-
rameters. The Spearman’s correlation coefficient was calculated for
those parameters which were not normally distributed. The short-
term reproducibility of ultrasound measurements was evaluated as
the root mean square standard deviation and root mean square co-
efficient of variation (SDrms and CVrms, respectively) [53]. All statis-
tical analyses were conducted with the SPSS software version 11.5
or 14.0 (SSPS Inc., Chicago, IL, USA). In addition, the Bland-Altman
plot [19] was used to demonstrate the agreement between the ultra-
sound and pQCT measurement techniques in study I. In study I,
in an attempt to analyze the relationships between the ultrasound
and the compositional and structural parameters, partial correla-
tions were calculated. Parameters with no normal distribution were
excluded from these analyses.
In study IV, for the prediction of BMDNeck, different ultrasound
parameters were combined using the stepwise linear regression.
The density index (DI) was formed as a combination of age, weight,
Ct.ThDist and Ct.ThProx The DI and the BMDNeck were inserted into
the web based FRAX c© - World Health Organization Fracture Risk
Assessment Tool (http://www.shef.ac.uk/FRAX/) along with the
patient characteristics, lifestyle and fracture history information.
In the analyses, the United Kingdom database was used since the
treatment guidance is not available for the Finnish population. The
statistical difference between the ranks of the parameter values in
the subjects with and without previous fractures was tested using
the Mann-Whitney U-test. For the hip fracture discrimination, the
parameters were combined using a logistic regression. For each
predicted variable the receiver operating characteristic (ROC) curve
analysis was undertaken and the areas under the curve (AUC) were
determined for the comparison of the discriminatory power of the
different models. A univariate Z-score test was conducted to in-
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vestigate whether the capability of different models to discriminate
fractures had been statistically improved. For the prediction of os-
teoporotic fractures, three ROC curves were formed by including
the following parameters: 1.) Age and BMDNeck, 2.) Age and
AIBNeck and 3.) Age, Weight and AIBNeck, referred to in the text
as ROC1, ROC2, ROC3, respectively. Since the fracture and normal
groups were age matched, age was included in all models.
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7.1 ULTRASOUND BACKSCATTER MEASUREMENTS
In study I, the associations between the in vitro ultrasound measure-
ments of AIB and BUB from the human trabecular bone with the
composition, structure and mechanical properties of the bone spec-
imens were compared. The backscatter parameters were related to
the different properties of trabecular bone with strength that de-
pended on the transducer centre frequency. The ultimate strength
of the samples was most accurately predicted by BUB throughout
the frequency range applied, however, the strongest association was
seen at centre frequencies lower than 5MHz. Generally, the associ-
ation between AIB and ultimate strength was lower than that with
BUB. The duration of the analysis window had no significant effect
on prediction of ultimate strength with either parameter.
The correlation of AIB and BUB with the collagen content of the
trabecular bone specimens was strongest at higher centre frequen-
cies (2.25 - 5.0MHz, |r| = 0.48 - 0.75). Partial correlation analysis re-
vealed that the significant correlation was preserved at 2.25 and 5.0
MHz centre frequencies even after adjustment for structure (Tr.Th
and Tr.Sp) and mineral content (BMC/BV) (|r| = 0.45 - 0.66). The
duration of analysis time window had no consistent effect on the
strength of the correlations.
The AIB and BUB were significantly related to BV/TV of the tra-
becular bone at centre frequencies of 1 - 3.5MHz and the correlation
was significant also after adjustment with the bone tissue compo-
sition (i.e. CC/BV and BMC/BV). The longer duration of the time
window tended to strengthen the association between the BV/TV
and BUB, but weakened it with AIB. AIB and BUB were related to
the Tr.Sp throughout the applied frequency range independently of
composition or Tr.Th, only exception being the AIB at 5MHz, and at
1MHz and 3.5MHz when using a long analysis time window (5µs).
The comparison of AIB and BUB with the clinically applied
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nBUA and SOS parameters revealed a similar or slightly better
discimination of osteoporotic-like bone samples from the normal in
favor of backscatter parameters (AIB, BUB) over the centre frequen-
cies of 1.0 - 5.0MHz. Only parameter that failed to discriminate
the two groups statistically significantly was the nBUA at centre
frequencies of 3.5 - 5.0MHz (Table 7.1). One should note that the
SD of the nBUA and SOS at 1 MHz was higher than at higher fre-
quencies, which may have hindered the discrimination between the
osteoporotic and normal samples.
Table 7.1: Ultrasound parameter values (mean ± SD) at different transducer center fre-
quencies for osteoporotic-like (n = 8) and normal (n = 8) trabecular bone samples. Sta-
tistically significant differences were observed between the osteoporotic-like and normal
bone samples in all ultrasound parameters except nBUA at centre frequencies of 3.5 and
5.0MHz.
Parameter 1MHz 2.25MHz 3.5MHz 5.0MHz
SOS (m/s) ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆
Osteoporotic-like 1692 ± 594 1908 ± 354 1867 ± 447 1894 ± 584
Normal 2354 ± 148 2625 ± 217 2636 ± 221 2579 ± 308
nBUA (dB/MHz/cm) ⋆ ⋆ ⋆ ⋆
Osteoporotic-like 8.3 ± 6.5 7.9 ± 1.9 9.3 ± 2.3 8.7 ± 1.9
Normal 19.4 ± 11.0 12.3 ± 1.5 10.5 ± 2.9 9.6 ± 1.4
BUB (dB) ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆
Osteoporotic-like -22.4 ± 2.4 -16.8 ± 2.1 -18.0 ± 1.9 -17.3 ± 2.7
Normal -16.6 ± 2.6 -11.3 ± 1.9 -12.7 ± 2.3 -11.6 ± 2.6
AIB (dB) ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆
Osteoporotic-like -27.2 ± 1.3 -23.5 ± 1.2 -24.6 ± 0.9 -25.0 ± 1.8
Normal -24.0 ± 2.1 -21.1 ± 1.1 -22.5 ± 1.5 -22.4 ± 1.9
⋆ p < 0.05, ⋆ ⋆ p < 0.01, ⋆ ⋆ ⋆ p < 0.001. Mann-Whitney U-test.
7.2 MEASUREMENTS OF CORTICAL BONE THICKNESS
In study I, the cepstrum method showed excellent capability to pre-
dict the cortical thickness of bovine bone samples (r = 0.98, p < 0.01,
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n = 12). An accuracy of 7.6% was found for the cepstrum method
when compared to measurements with a caliper. A significant as-
sociation was also seen in the cortical thickness determined with
pQCT and cepstrum methods in vivo (r = 0.96, p < 0.0001, n = 59)
(Figure 7.1). The in vivo accuracy of the cepstrum method was 7.0%.
In study I, the envelope and Cepstrum methods were compared.
Both methods displayed a similar association with pQCT measure-
ments and in terms of the short-term reproducibility (Table 7.2).
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Figure 7.1: Linear correlation between the values of cortical thickness determined with
pQCT and the Cepstrum method. At different sites, the association was lower than all
sites combined. The linear fit equation pQCTthickness = 0.89 × Cepstrumthickness + 0.18
Table 7.2: The in vivo accuracy (mean relative error compared to pQCT) and short-term
reproducibility (CVRMS) of the envelope and cepstrum methods.
Method Accuracy (%) Reproducibility (%)
Envelope 6.6 7.9
Cepstrum 7.0 7.5
The potential of the cepstrummethod for measurements of thick-
ness of thin (1.1 - 3.7 mm) cortical layers and cortices with trabecu-
lar matrix underneath was evaluated both numerically and experi-
mentally. In simulations, the cortical thickness determined with the
Cepstrum method correlated well with the cortex thickness imple-
mented in the simulation geometry (r = 1.0, p < 0.001, n = 11). In
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experiments on the thin cortices and cortices with trabecular bone
underneath, the cortex thickness measurements with the cepstrum
technique were closely related to those measured with a caliper or
micrometer (Figure 7.2). The accuracy of the cepstrum method was
34 µm and 320 µm in simulations and experiments, respectively.
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Figure 7.2: Measures of cortical thickness determined with ultrasound using the cepstrum
method correlated significantly with the micrometer screw or caliper measurements in vitro
(circles denote cortical-trabecular and squares the cortical samples).
7.3 APPLICATION OF DUAL FREQUENCY ULTRASOUND METHOD
(DFUS)
7.3.1 In vivo determination of soft tissue composition
In study III, during the twenty two-week dieting period, a volun-
teer bodybuilder lost 16.5kg of body mass (Figure 7.1). The BMD at
ROI showed no change during the diet, however, the uncorrected
IRC values were significantly associated with the soft tissue com-
position (r = -0.83, p < 0.05). The association with the soft tissue
composition became non-significant after the DFUS correction (Fig-
ure 7.3). The single transducer DFUS (at 5MHz) provided a bet-
ter estimate of the soft-tissue composition than the two-transducer
approach, when compared with the DXA determined soft tissue
composition (r = 0.91, p < 0.01 vs. r = 0.74, p < 0.05). The repeata-
bility of ultrasound measurements, determined as a mean standard
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deviation for a total of eight examinations each consisting of 15
repeated measurements, was 0.66dB and 0.63dB for corrected and
uncorrected IRC values, respectively.
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Figure 7.3: a) The amount of adipose tissue decreased linearly during the dieting period
(r2 = 0.99, n = 22). Fat mass decreased 780g each week whereas a weekly increase of 90g
in the lean mass was observed. b) Mean IRC values for the distal femur of the volunteer
determined with and without the DFUS correction. The uncorrected IRC values showed
a decreasing trend as a function of fat content. After the soft-tissue correction, the IRC
values showed no association with the soft-tissue composition (p = 0.53). The error bars de-
note the standard deviation (± SD) and the black and white circles denote the uncorrected
and corrected IRC values, respectively.
7.3.2 Application in through-transmission geometry
BUA was analysed at three different frequency bands and the re-
sults obtained using interfering elastomer combination 1, are re-
ported in Table 7.3. By applying DFUS, the error induced by the
interfering elastomers in BUA decreased from 43.8% to 7.7% on the
average with elastomer combinations 1, 2 and 3.
7.4 CLINICAL APPLICATION OF ULTRASOUND METHODS
There were no statistically significant differences between the sub-
jects in terms of age, height or weight in study IV, nor any dif-
ferences in whether or not they had suffered a previous fracture
(p = 0.55 - 0.85). The values of BMD measured at different loca-
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Table 7.3: BUA with and without interfering elastomers, and the DFUS corrected BUA
values. BUA was calculated at three frequency bands (1.0-2.0, 3.5-5.0 and 1.0-5.0MHz),
the results in the table are obtained for the elastomer combination 1.
Frequency BUA BUA BUA
band (bone elastomer) (with interfering layers) (DFUS corrected)
[MHz] [dB/MHz] [dB/MHz] [dB/MHz]
1.0 - 2.0 3.4 5.3 3.5
3.5 - 5.0 11.4 15.6 11.3
1.0 - 5.0 7.6 10.9 7.5
tions and AIBTroch were significantly correlated with the subjects’
weights. BMDTroch, BMDTotal and AIBNeck were the only DXA or
ultrasound parameters that were statistically different between the
two groups (p < 0.05).
AIBNeck correlated significantly with BMD at all locations (|r|
= 0.49 - 0.64, p < 0.01, n = 26). In addition, CTh. measured from the
proximal or distal tibia was associated with BMD at all locations
(|r| = 0.45 - 0.63, p < 0.05, n = 30). DI, formed as a linear regression
of CThProx, CThDist, age and weight, exhibited the highest correla-
tion with BMDNeck (|r| = 0.86, p < 0.01, n = 30). Inserting DI into
the FRAX tool instead of BMDNeck, provided the same treatment
proposal as the use of BMDNeck with a 86% sensitivity and 100%
specificity.
A total of four different ROC analyses were conducted on pa-
rameters combined with logistic regression (ROC1-ROC3). The
combination of AIBNeck with age and weight (ROC3) discriminated
the fracture cases from normal subjects, showing higher AUC (AUC
= 0.811) than the prediction by combining BMDNeck and age (ROC1,
AUC = 0.621). Interestingly, the linear combination of BMDTroch,
age and weight provided the highest AUC (AUC = 0.875), and it
was, thus, a significantly (p < 0.05) better discriminator than the
combination of BMDNeck and age.
The areal BMD parameters at different locations correlated sig-
nificantly with the total vBMD (r = 0.76 - 0.82, n = 19, p < 0.001),
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with the vBMD of the cortical bone (r = 0.73 - 0.78, n = 19, p < 0.001),
and with the vBMD of the trabecular bone (p = 0.77 - 0.83, n = 19, p
< 0.001) of the whole proximal femur. The AIBTroch correlated with
the total vBMD of the cortical bone (r = 0.55, n = 16, p < 0.05). One
should note that a lower number of subjects (n = 16) participated in
both the ultrasound and computed tomography examinations.
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ULTRASOUND BACKSCATTER MEASUREMENTS
In study I, the relationships between ultrasound backscatter and
human trabecular bone properties were examined. The samples
were scanned to average the backscatter over the sample, but also
the spatial variation of measured ultrasound parameters within the
sample was assessed. In general, ultrasound backscatter param-
eters were related to different trabecular bone characteristics and
the strength of the relationship was dependent on the applied fre-
quency. The backscatter parameters (AIB and BUB) were signifi-
cantly related to the collagen content but not to the mineral con-
tent of trabecular bone tissue. Partial correlation analyses revealed
that the association was independent of the bone structure (Tr.Th
and Tr.Sp). Importantly, AIB was associated with the natural vari-
ation in the collagen content within the sample group. This is in
line with previous findings by Hoffmeister et al., who showed that
decollagenization of trabecular bone samples affected significantly
the measured AIB values whereas the effect of demineralization
was negligible [75]. The composition of the tissue is known to af-
fect the acoustic phenomena (absorption, reflection and scattering)
occurring at the trabeculae-marrow interface as discussed in Chap-
ter IV. Since the elasticity of a trabeculae becomes increased with
elevated collagen content, the power of backscattered ultrasound
wave can be expected to decrease [161]. This can partially explain
the negative correlation between AIB and collagen content reported
in the study I.
The backscatter parameters (AIB and BUB) were significantly re-
lated to the ultimate strength of the trabecular bone samples. Inter-
estingly, BUB showed higher correlations with the ultimate strength
when using longer analysis time windows. This may be explained
by the increased contribution of SOS and AA used for compensa-
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tion of attenuation in trabecular matrix. The correlations between
AIB and the ultimate strength were lower than those reported pre-
viously by Hoffmeister et al. [73]. In their study, the backscatter
signals were strongly averaged as the trabecular samples were mea-
sured from all six sides of a cubic sample.
The AIB has been previously reported to decrease in conjunc-
tion with increasing apparent density (dry mass / volume) of tra-
becular bone [71, 73]. In contrast, in study I of this thesis, AIB dis-
played a positive correlation with the bone volume fraction. This
discrepancy may be due to a number of reasons including loca-
tion, duration and type of analyses window as well as from the ap-
plied frequency ranges as discussed by Hoffmeister et al. [71]. Fur-
thermore, differences in the density and trabecular structure in the
sample groups examined may have contributed to this discrepancy.
Previous studies have shown significant anisotropy in ultrasound
parameters depending on the direcion of ultrasound propagation
with respect to the main loading direction of the bone [54, 162]. In
addition, the trabecular bone architechture varies significantly from
site to site [45, 68]. The samples examined in study I were obtained
from the distal femur and proximal tibia. At those locations, the
loading is expected to be dominant in the supero-inferior direction,
making the trabecular bone structure highly anisotropic. The ultra-
sound pulse was transmitted in the supero-inferior direction, i.e.,
along the primary orientation of the trabeculae. Unfortunately, the
anisotropy of ultrasound parameters could not be assessed in study
I, and no direct comparison can be made with previous studies. An-
other possible explanation for the discrepancies between the studies
might indeed be the duration and location of the analysis time win-
dow, which differ between study I and those applied by Hoffmeister
et al.. In study I, the analysis window was placed directly after the
surface reflection window whereas in the study by Hoffmeister et
al. a certain delay dependent on the applied frequency was applied
before the analysis gate. The effect of the different time window-
ing schemes on the measured backscatter function will need to be
addressed in future studies.
64 Dissertations in Forestry and Natural Sciences No 38
ii
i
i
i
i
i
i
Discussion and summary
A greater amount of scatterers (higher bone density) can be ex-
pected to produce a stronger backscatter signal, which on the other
hand is attenuated more while returning to the transducer. Nat-
urally, the contribution of attenuation is more pronounced when
using analysis time windows with greater delays. Furthermore,
BUA and attenuation have been shown to behave in a non-linear
manner in conjunction with increasing bone mineral density [151]
or BV/TV [7], respectively, which further complicates the interpre-
tation of the role of attenuation in the quantification of scattering.
This effect alone may change the association between the AIB and
density from a positive to a negative correlation in different sample
groups.
Another interesting aspect is the relative contribution of absorp-
tion and scattering to ultrasound attenuation. Two previous studies
have concluded that absorption is the greater component of attenu-
ation than scattering [33, 162], but contradictory simulation results
have also been published [90]. As there is a great variation in the
trabecular bone microarchitecture, the backscattering from a tra-
becular matrix may not be accurately described by a single model
assuming, e.g., spherical or plate-like trabecular structure. These
issues certainly require further theoretical and experimental inves-
tigations to gain better understanding on the relative contribution
of different phenomena to the measured backscatter signal.
The uncompensated attenuation present in the AIB may include
significant information on bone. Therefore it is questionable whether
one should even attempt to compensate for the backscatter for at-
tenuation. Promising parameters, such as frequency slope of ap-
parent backscatter (FSAB) or the time slope of apparent backscatter
(TSAB), have been presented for assessment of the effect of attenua-
tion. FSAB is determined as the slope of apparent backscatter trans-
fer function (ABTF), which can be considered to be sensitive to the
frequency dependent attenuation mechanisms (absorption, multi-
ple reflections and scattering). TSAB is the slope of the AIB values
determined using increasingly delayed analysis windows, therefore
the depthwise attenuation effects should be more pronounced in
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this parameter. Importantly, both parameters have been shown to
significantly relate both the mechanical strength and the density of
trabecular bone samples [73].
MEASUREMENT OF CORTICAL BONE THICKNESS
In study II, two ultrasound techniques were applied for determina-
tion of cortical bone thickness in vitro and in vivo. Both techniques
(envelope and cepstrum) showed good agreement with the pQCT
measurements, as evaluated by the linear correlation and Bland-
Altman analyses. The accuracy and precision were reasonable and
similar with both ultrasound techniques. In fact, the pQCT method
applied in this study showed poorer accuracy than the ultrasound
techniques. With pQCT, an important factor determining the accu-
racy is the selection of vBMD thresholds for separation of cortical
bone, for which several techniques have been suggested [3,4,28,95].
In the present study, the thickness of cortex was determined as the
full width at half maximum (FWHM) of vBMD profile over the cor-
tical layer. The accuracy of the pQCT was assessed using bovine
cortices which are known to have higher BMD values than human
cortical bone [1]. Since the maximum vBMD value can affect the
FWHM, the accuracy of the method may be different for bovine
and human cortices.
The elasticity and porosity of human cortical bone changes dur-
ing aging. The characteristics of bone will certainly affect the ul-
trasound speed in the tissue. In the present study, the mean speed
of sound in the cortical bone was determined for each measure-
ment site and finally averaged for both techniques. The averaged
speed of sound found, was then applied for the analyses. The SOS
was optimized for the study population in order to determine an
optimal predefined SOS for human cortical bone. SOS in osteo-
porotic and healthy human cortex has been shown to vary from
3200 (±307)m/s to 3485 (±128)m/s [56,145]. The axial SOS in tibia
of pre- and post-menopausal women is reduced by approximately
100m/s between the ages of 25 and 85 years, with the annual de-
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crease being -2.7m/s in post-menopausal women [92]. If a similar
change of SOS in radial direction were to be assumed, a worst case
error of 100m/s in the SOS value would induce an error of 2-3% in
the determined thickness of cortex. Hence, more in vivo data would
be useful to determine whether the selection of a predefined SOS
should be based on age, gender and sex.
The preliminary study on the feasibility of the cepstrum tech-
nique for the assessment of the thickness of thin (0.5 - 3.5mm) cor-
tical bone layers exhibited promising results. In simulations, the
accuracy was high (34µm). In experiments, the accuracy was lower,
being 175µm with pure cortical samples and 493µm with cortical-
trabecular samples. Presently, we utilized caliper measurements as
the reference. These are challenging to conduct on cortical sam-
ples with trabecular bone underneath. This may partly explain the
lower accuracy of the experimental measurements. Furthermore,
selection of the analysis window also may affect the accuracy of
the cepstrum technique. Scattering from the trabecular matrix can
affect accuracy of the cepstrum analysis of cortical thickness.
Ultrasound methods have not been previously devised for the
measurement of thin cortices with underlying trabecular bone. In
calcaneus, the cortical layer has been found to affect the measured
BUA (10% to 15%) [98, 177] and SOS (approximately 2%) values
[120]. At the calcaneus, the cortical thickness is typically less than
1 mm whereas at proximal femur, it can be over 3mm [25, 177].
Nonetheless, the cortical layer can be assumed to significantly affect
the measured backscatter signal, especially at the proximal femur.
APPLICATIONOF THE DUAL FREQUENCYULTRASOUNDMETHOD
In study III, the DFUS method was modified towards the use of
a single transducer. Furthermore, the in vivo applicability of the
one or two transducer DFUS approaches, was investigated. Both
approaches were found to be suitable for in vivo determination of
soft tissue composition. Importantly, the DFUS calculations based
on a single transducer measurement (at 5 MHz) estimated the soft
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tissue composition more reliably than the original DFUS technique
based on the use of two transducers. This may be explained by
the single transducer approach being more straightforward, i.e. re-
quiring only a single manual ultrasound measurement. The uncor-
rected IRC values correlated significantly with the change in soft
tissue composition during the dieting period of a volunteer body
builder. After the DFUS correction, this association was removed
nearly completely.
In principle, one of the strengths of the DFUS technique is that
it accounts for all the adipose or lean tissue, regardless of its posi-
tion or the consistency of the tissue. In addition, the DFUS tech-
nique requires no reflection information from the interfaces of the
soft tissues, which represents another advantage since the ultra-
sonic reflection at these interfaces is typically minimal, complicat-
ing the detection of interfaces. Provided these issues are kept in
mind, the DFUS method could be applied in principle for through-
transmission measurements also at sites where the ultrasound pulse
is transmitted through several fat and muscle tissue layers in addi-
tion to bone. In the thesis, this approach was investigated by mea-
suring ultrasound transmission through elastomer samples with
different mechanical properties. The preliminary results were en-
couraging and the errors in BUA related to the soft tissue mimick-
ing elastomers were significantly diminished.
Recently, a novel femur ultrasound (FemUS) device has been in-
troduced [9]. The FemUS device allows in vivo through-transmission
measurements of the central skeleton (i.e. proximal femur) [9–11].
Similar fracture and non-fracture patient discrimination abilities be-
tween the FemUS and DXA techniques have been suggested [9]. It
is possible that the variable thickness and composition of the soft
tissue layer overlying the bone may diminish the reliability of these
measurements. The application of the DFUS method to the FemUS
technique might significantly enhance the reliability of these mea-
surements. Naturally, through-transmission techniques are based
on the use of much lower ultrasound frequencies than those applied
in the DFUS technique. Therefore, the application of the DFUS
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method in TT-measurements should be thoroughly validated at the
frequencies (0.5 and 1.0MHz) utilized in the FemUS technique.
ULTRASOUND BASED OSTEOPOROSIS DIAGNOSTICS
In study IV, the ultrasound techniques developed in studies I-III
were implemented into a portable ultrasound measurement system
(OPBOX) to enable in vivo measurements. Several skeletal loca-
tions on the subjects were examined to determine either the cortical
thickness or the AIB. The cortical thickness was determined with
the envelope method presented in study I. It was more straight-
forward but provided similar accuracy and precision as the cep-
strum method. The correlation between the cortical thickness mea-
surements and BMDFem was similar with those reported earlier be-
tween the peripheral QUS and BMDFem measurements (Table 4.4.).
However, the combination of Ct.ThTib, Ct.ThTib and subject age and
weight (i.e. the Density index) provided significantly enhanced pre-
diction of BMDFem and, importantly, provided similar (100% speci-
ficity and 86% sensitivity) treatment decisions as the DXA deter-
mined BMDFem when inserted into the FRAX- tool. Threshold lim-
its for T-scores determined with peripheral DXA devices to be used
in the diagnostics of osteoporosis have to reach 90% sensitivity and
specificity according to proposals of the National Osteoporosis So-
ciety (NOS) [16]. Even with these thresholds, 40% of the patients
would require an additional axial DXA measurement. Clowes et
al. suggested thresholds would need to reach 95% sensitivity and
specificity with peripheral ultrasound devices in order to be able to
differentiate individuals in need of treatment [38]. At best, 52% of
the patients in a population-based cohort could be diagnosed with-
out an additional axial DXA measurement. The limited diagnostic
benefits of the current clinical techniques derives from the poor cor-
relation with the axial DXA measurement. With this in mind, the
use of Density Index introduced in this thesis conferred excellent
diagnostic ability, however, in a limited population (n = 30).
The AIB determined at the femoral neck combined with the the
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patient characteristics could effectively discriminate those subjects
who had experienced a previous hip fracture from the control sub-
jects. For more effective fracture prediction, the measurement of
bone properties with any technique, DXA or QUS, may not be
sufficient, but additional patient specific information will also be
needed.
APPLICATION OF PULSE-ECHO ULTRASOUND METHODS IN
VIVO - CHALLENGES
The in vivo application of quantitative ultrasound measurements
faces several challenges. First, the soft tissues overlying the bone
represent a significant source of error. The current clinical devices
were developed for use in peripheral measurement locations. These
locations have only small amount of intervening soft tissue between
the transducer and bone, and the subject-to-subject variability in the
amount and composition of soft tissue can be assumed to be neg-
ligible. Today, the desired ultrasound measurement locations are
considered to be at the hip, where the soft tissue related issues are
naturally more pronounced. In order to remove the soft tissue re-
lated errors in a QUS measurement of hip [9], a correction method
for SOS was utilized in which the soft tissue related time difference
was assessed by measuring the transmission adjacent to the bone.
This method does not take into account the thickness of the bone,
which naturally affects the accuracy of the determined ultrasound
parameters. In the FemUS device, the ultrasound beam cannot be
positioned to be perpendicular to the bone surface and thus ultra-
sound reflections cannot be measured at all locations. The mea-
surement of the reflections from the anterior and the posterior side
of the femur could allow the determination of bone thickness. In
addition, no correction method was presented for the frequency de-
pendent attenuation errors induced by the soft tissues to the BUA
parameter, which lowered its ability to predict BMD or fractures
than SOS.
In all bone ultrasound measurements, oblique or curved bone
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surfaces produce significant errors, because the ultrasound pulse
is refracted or reflected and an unknown amount of ultrasound
energy is deflected past the transducer surface. Furthermore, the
roughness of the bone cortex may induce a certain amount of scat-
tering that additionally attenuates or produces phase cancellation.
With phase sensitive transducers, the phase cancellation may sig-
nificantly affect the measurements [134, 148, 165, 166]. Typically the
transducers used for QUS are phase sensitive and focused with a
concave acoustic lens. In the quantitative determination of ultra-
sound parameters, the reference signal should be selected at the
same depth. However, the accurate determination of bone depth in
vivo is difficult as the soft tissue composition is not known and the
SOS varies in muscle and fat. Garra and Wear have measured the
centroid shift of the backscatter spectrum from the lumbar spine
through abdomen and suggested the use of the bone surface re-
flection as a reference for the calculation of the backscatter spec-
trum [52]. In principle, this would take into account the attenuation
occurring before the bone surface, but the measured reflection spec-
trum could still be distorted by an oblique and rough bone surface.
A solution to the phase cancellation related problems could be
the use of the phased array technology. This would allow depth-
wise focusing of the ultrasound beam and phase insensitive anal-
yses of received ultrasound signals. In addition, an image could
be produced thus enhancing the localization of the measurements.
The localization of the measurements is obviously of importance to
the reproducibility of the measurements. In study IV of this thesis,
the ultrasound measurements were localized by using a B-mode
device, the location being marked with a felt tip pen, after which
quantitative A-mode signals were collected from the corresponding
location. A total of 300 signals were collected over the noise thresh-
old, and the reflection signals from the surface of the bone with a
magnitude of over 95% of the maximum reflection were selected for
further analyses. Further, a focused 5 MHz transducer was selected
to a achieve small focal point to diminish the effect related to the
bone surface curvature. These measures were taken in study IV to
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optimize the in vivo signal acquisition. The selection of frequency
for QUS measurement is always a trade-off between the penetration
depth and resolution (length and width, respectively, of lateral or
axial focal area). In phased array systems, a small focal area may be
reached at lower frequencies, but it comes with the cost in the size
of the transducer aperture.
In study IV, technical challenges, especially the use of geomet-
rically focused, single-element ultrasound transducer may be one
reason for the limited success of the DFUS technique to correct for
soft tissue related errors. For example, if the ultrasound beam is out
of focus, this will have a significant impact (e.g. due to phase can-
cellation) on the measured frequency spectrum of the ultrasound
signal [107]. Furthermore, it is difficult to ensure that the reference
reflection signal is selected at the same depth since the composition
of the soft tissue is not known.
Another problem with the point measurements at the proxi-
mal femur is that only a small area, for instance at the neck or
trochanter, is examined. The subject characteristics (weight, height,
body build) and the loading of the hip may control the bone shapes
differently between the subjects. It is still unclear whether an eval-
uation of bone properties at a single point can represent the prop-
erties of whole proximal femur or whether the variance in bone
properties between the subjects can be accounted for by including
the subject characteristics in the analyses. The results from study
IV support this concept, as the prediction of fractures was indeed
enhanced by including subject characteristics (age, weight) into the
analyses.
To summarize, in this thesis several pulse-echo ultrasoundmeth-
ods were further developed towards clinical application, and a bet-
ter understanding was obtained of the associations between dif-
ferent ultrasound parameters and bone structural, compositional
and mechanical properties. Methods were developed for ultra-
sonic characterization of trabecular bone as well as for the measure-
ment of cortical bone thickness. Finally, the ultrasound methods
developed in studies I-III were incorporated into a portable ultra-
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sound system for a clinical trial conducted in study IV. Importantly,
a method potentially feasible for use in primary healthcare level
for osteoporosis diagnostic was devised. The specific conclusions,
based on this thesis work, are presented in the next chapter.
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In this thesis, the pulse-echo methods were further developed and
novel methods were applied for the characterization of bone prop-
erties. Enhancements to the dual frequency ultrasound technique
were presented along with the new in vivo measurements. The cep-
strum method was proposed for use in assessment cortical thick-
ness in bones with underlying trabecular matrix. The method could
achieve a more reliable assessment of ultrasound backscatter from
trabecular bone. Successful laboratory testing of the methods (stud-
ies I-III), were encouragement to move to in vivomeasurements. For
the first time, the ultrasound backscatter measurements were con-
ducted at the proximal femur.
The following conclusions can be drawn based on the results of the
studies I-IV:
• The backscatter parameters are significantly associated with
the bone tissue composition. The strength of the association
between the backscatter parameters and bone characteristics
depends on the applied ultrasound frequency.
• The ultrasound backscatter parameters can discriminate os-
teoporotic trabecular bone samples from the normal samples
similarly or even more reliably than the clinically applied
through-transmission parameters, i.e., SOS and BUA.
• The Cepstrum method may be applied for determination of
the the thickness of thin cortical bone layers with trabecular
bone underneath.
• The ultrasound methods applied for the determination of cor-
tical bone thickness displayed a similar accuracy as the clinical
pQCT method.
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• The DFUS technique may be used to minimize soft tissue re-
lated errors in QUS measurement in vivo.
• The Density Index (i.e. combination of cortical thickness at
distal and proximal tibia measured with ultrasound and sub-
ject age and weight) is a promising predictor of femoral neck
BMD.
• The ultrasound backscatter parameters combined with the
subject weight and age discriminated better subjects with frac-
tures than the combination of BMD and age.
• When further assessed, ultrasound backscatter measurements
and the Density Index together with the use of the FRAX tool
may provide a potential solution for diagnostics of osteoporo-
sis at the primary healthcare level.
FUTURE WORK
Many of the present methods will still require further refinements.
The clinical trial in study IV was necessary to detect the limitations
of the DFUS technique when it is used in the clinic. The variable
thickness and composition of the soft tissues pose challenges in
focusing that are difficult to address with geometrically focused
transducers. Moreover, the irregular bone interfaces may induce
phase cancellation effects. With these problems in mind, future re-
search should be directed to use of phased array technology that
can more effectively solve these focusing issues. Further, the appli-
cation of the cepstrum method requires further validation in vitro
and in vivo. In this thesis, the DFUS method was proposed for use
in the through-transmission geometry. However, this will require
additional validation with soft tissue phantoms and bone samples
in vitro and should be finally tested in vivo in combination with de-
vices such as the FemUS. The DI showed significant potential for
osteoporosis diagnostics, but these findings should be verified in a
larger patient population. Overall, in this thesis, a complete set of
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methods was introduced that could enable quantitative assessment
of bone status using pulse-echo ultrasound.
Dissertations in Forestry and Natural Sciences No 38 77
ii
i
i
i
i
i
i
Janne Karjalainen: Novel pulse-echo ultrasound methods for diagnostics
of osteoporosis
78 Dissertations in Forestry and Natural Sciences No 38
ii
i
i
i
i
i
i
Bibliography
[1] J. Aerssens, S. Boonen, G. Lowet, and J. Dequeker, “Interspecies dif-
ferences in bone composition, density, and quality: potential impli-
cations for in vivo bone research,” Endocrinology 139, 663–70 (1998).
[2] F. Aguado, M. Revilla, L. F. Villa, and H. Rico, “Cortical bone re-
sorption in osteoporosis,” Calcif Tissue Int 60, 323–6 (1997).
[3] M. Ashe, K. Khan, S. Kontulainen, P. Guy, D. Liu, T. Beck, and
H. McKay, “Accuracy of pQCT for evaluating the aged human ra-
dius: an ashing, histomorphometry and failure load investigation.,”
Osteoporos Int 17, 1241–1251 (2006).
[4] P. Augat, C. L. Gordon, T. F. Lang, H. Iida, and H. K. Genant, “Ac-
curacy of cortical and trabecular bone measurements with periph-
eral quantitative computed tomography (pQCT),” Phys Med Biol 43,
2873–83 (1998).
[5] P. Augat, H. Iida, Y. Jiang, E. Diao, and H. K. Genant, “Distal radius
fractures: mechanisms of injury and strength prediction by bone
mineral assessment,” J Orthop Res 16, 629–35 (1998).
[6] P. Augat, H. Reeb, and L. E. Claes, “Prediction of fracture load at
different skeletal sites by geometric properties of the cortical shell,”
J Bone Miner Res 11, 1356–63 (1996).
[7] A. S. Aula, J. Toyras, M. A. Hakulinen, and J. S. Jurvelin, “Effect
of bone marrow on acoustic properties of trabecular bone–3D finite
difference modeling study,” Ultrasound Med Biol 35, 308–18 (2009).
[8] A. J. Bailey and L. Knott, “Molecular changes in bone collagen in
osteoporosis and osteoarthritis in the elderly,” Exp Gerontol 34, 337–
51 (1999).
[9] R. Barkmann, S. Dencks, P. Laugier, F. Padilla, K. Brixen, J. Ryg,
A. Seekamp, L. Mahlke, A. Bremer, M. Heller, and C. C. Gluer,
“Femur ultrasound (FemUS)-first clinical results on hip fracture dis-
crimination and estimation of femoral BMD,” Osteoporos Int 21, 969–
76 (2009).
[10] R. Barkmann, P. Laugier, U. Moser, S. Dencks, M. Klausner,
F. Padilla, G. Haiat, and C. C. Gluer, “A device for in vivo mea-
surements of quantitative ultrasound variables at the human proxi-
mal femur,” IEEE Trans Ultrason Ferroelectr Freq Control 55, 1197–204
(2008).
Dissertations in Forestry and Natural Sciences No 38 79
ii
i
i
i
i
i
i
Janne Karjalainen: Novel pulse-echo ultrasound methods for diagnostics
of osteoporosis
[11] R. Barkmann, P. Laugier, U. Moser, S. Dencks, M. Klausner,
F. Padilla, G. Haiat, M. Heller, and C. C. Gluer, “In Vivo Measure-
ments of Ultrasound Transmission through the Human Proximal
Femur,” Ultrasound Med Biol 34, 1186–90 (2008).
[12] R. Barkmann, P. Laugier, U. Moser, S. Dencks, F. Padilla, G. Ha-
iat, M. Heller, and C. C. Gluer, “A method for the estimation of
femoral bone mineral density from variables of ultrasound trans-
mission through the human femur,” Bone 40, 37–44 (2007).
[13] A. Bauer, K. Marutyan, M. Holland, and J. G. Miller, “Is the
kramers-kronig relationship between ultrasonic attenuation and
dispersion maintained in the presence of apparent losses due to
phase cancellation,” J Acoust Soc Am 122, 222–228 (2007).
[14] T. Bigelow and J. O’Brien, W. D., “Scatterer size estimation using
a generalized ultrasound attenuation compensation function to cor-
rect for focusing,” IEEE Ultrasonics symposium 1026-1029 (2003).
[15] H. A. Bischoff-Ferrari, B. Dawson-Hughes, W. C. Willett, H. B. Stae-
helin, M. G. Bazemore, R. Y. Zee, and J. B. Wong, “Effect of Vitamin
D on falls: a meta-analysis,” Jama 291, 1999–2006 (2004).
[16] G. M. Blake, D. J. Chinn, S. A. Steel, R. Patel, E. Panayiotou,
J. Thorpe, and J. N. Fordham, “A list of device-specific thresholds
for the clinical interpretation of peripheral x-ray absorptiometry ex-
aminations,” Osteoporos Int 16, 2149–56 (2005).
[17] G. M. Blake and I. Fogelman, “How important are BMD accuracy
errors for the clinical interpretation of DXA scans?,” J Bone Miner
Res 23, 457–62 (2008).
[18] G. M. Blake and I. Fogelman, “An update on dual-energy x-ray
absorptiometry,” Semin Nucl Med 40, 62–73 (2010).
[19] M. Bland and D. Altman, “Statistical methods for assessing agree-
ment between two methods of clinical measurement,” Lancet i, 307–
310 (1986).
[20] B. Bogert, J. Healy, and J. Tukey, “The Quefrency Alanysis of
Time Series for Echoes: Cepstrum, Pseudo Autocovariance, Cross-
Cepstrum and Saphe Cracking,” in Proceedings of the Symposium on
Time Series Analysis, M. Rosenblatt, ed. (Wiley, New York, 1963), pp.
209-243.
[21] H. H. Bolotin, “DXA in vivo BMD methodology: an erroneous and
misleading research and clinical gauge of bone mineral status, bone
fragility, and bone remodelling,” Bone 41, 138–54 (2007).
80 Dissertations in Forestry and Natural Sciences No 38
ii
i
i
i
i
i
i
Bibliography
[22] A. L. Boskey, T. M. Wright, and R. D. Blank, “Collagen and bone
strength,” J Bone Miner Res 14, 330–5 (1999).
[23] E. Bossy, P. Laugier, F. Peyrin, and F. Padilla, “Attenuation in tra-
becular bone: A comparison between numerical simulation and ex-
perimental results in human femur,” J Acoust Soc Am 122, 2469–75
(2007).
[24] E. Bossy, M. Talmant, M. Defontaine, F. Patat, and P. Laugier, “Bidi-
rectional axial transmission can improve accuracy and precision of
ultrasonic velocity measurement in cortical bone: a validation on
test materials,” IEEE Trans Ultrason Ferroelectr Freq Control 51, 71–9
(2004).
[25] V. Bousson, A. Le Bras, F. Roqueplan, Y. Kang, D. Mitton, S. Kolta,
C. Bergot, W. Skalli, E. Vicaut, W. Kalender, K. Engelke, and J. D.
Laredo, “Volumetric quantitative computed tomography of the
proximal femur: relationships linking geometric and densitomet-
ric variables to bone strength. Role for compact bone,” Osteoporos
Int 17, 855–64 (2006).
[26] M. Bouxsein, B. Coan, and S. Lee, “Prediction of the strength of the
elderly proximal femur by bone mineral density and quantitative
ultrasound measurements of the heel and tibia.,” Bone 25, 49–54
(1999).
[27] M. L. Bouxsein, L. Palermo, C. Yeung, and D. M. Black, “Digital X-
ray radiogrammetry predicts hip, wrist and vertebral fracture risk
in elderly women: a prospective analysis from the study of osteo-
porotic fractures,” Osteoporos Int 13, 358–65 (2002).
[28] M. D. Brodt, G. B. Pelz, J. Taniguchi, and M. J. Silva, “Accuracy of
peripheral quantitative computed tomography (pQCT) for assessing
area and density of mouse cortical bone,” Calcif Tissue Int 73, 411–8
(2003).
[29] A. H. Burstein, D. T. Reilly, and M. Martens, “Aging of bone tissue:
mechanical properties,” J Bone Joint Surg Am 58, 82–6 (1976).
[30] L. Cardoso, F. Teboul, L. Sedel, C. Oddou, and A. Meunier, “In vitro
acoustic waves propagation in human and bovine cancellous bone,”
J Bone Miner Res 18, 1803–12 (2003).
[31] J. R. Center, T. V. Nguyen, D. Schneider, P. N. Sambrook, and J. A.
Eisman, “Mortality after all major types of osteoporotic fracture in
men and women: an observational study,” Lancet 353, 878–82 (1999).
Dissertations in Forestry and Natural Sciences No 38 81
ii
i
i
i
i
i
i
Janne Karjalainen: Novel pulse-echo ultrasound methods for diagnostics
of osteoporosis
[32] S. Chaffai, F. Peyrin, S. Nuzzo, R. Porcher, G. Berger, and P. Laugier,
“Ultrasonic characterization of human cancellous bone using trans-
mission and backscatter measurements: relationships to density
and microstructure,” Bone 30, 229–37 (2002).
[33] S. Chaffai, V. Roberjot, F. Peyrin, G. Berger, and P. Laugier, “Fre-
quency dependence of ultrasonic backscattering in cancellous bone:
autocorrelation model and experimental results,” J Acoust Soc Am
108, 2403–11 (2000).
[34] C. Chappard, F. Peyrin, A. Bonnassie, G. Lemineur, B. Brunet-
Imbault, E. Lespessailles, and C. L. Benhamou, “Subchondral
bone micro-architectural alterations in osteoarthritis: a synchrotron
micro-computed tomography study,” Osteoarthritis Cartilage 14,
215–23 (2006).
[35] J.-F. Chen and J. A. Zagzebski, “Frequency dependence of backscat-
ter coefficient versus scatterer volume fraction,” IEEE Trans Ultrason
Ferroelec Freq Control 43, 345–353 (1996).
[36] E. Cherin, A. Saied, P. Laugier, P. Netter, and G. Berger, “Evaluation
of acoustical parameter sensitivity to age-related and osteoarthritic
changes in articular cartilage using 50-MHz ultrasound,” Ultrasound
Med Biol 24, 341–54 (1998).
[37] D. Childers, D. Skinner, and R. Kemerait, “The Cepstrum: A Guide
to Processing,” Proc. IEEE 65, 1428–1443 (1977).
[38] J. A. Clowes, N. F. Peel, and R. Eastell, “Device-specific thresh-
olds to diagnose osteoporosis at the proximal femur: an approach
to interpreting peripheral bone measurements in clinical practice,”
Osteoporos Int 17, 1293–302 (2006).
[39] A. Cranney, S. A. Jamal, J. F. Tsang, R. G. Josse, and W. D. Leslie,
“Low bone mineral density and fracture burden in postmenopausal
women,” Cmaj 177, 575–80 (2007).
[40] M. T. Cuddihy, S. E. Gabriel, C. S. Crowson, W. M. O’Fallon, and
r. Melton, L. J., “Forearm fractures as predictors of subsequent os-
teoporotic fractures,” Osteoporos Int 9, 469–75 (1999).
[41] J. D. Currey, K. Brear, and P. Zioupos, “The effects of ageing and
changes in mineral content in degrading the toughness of human
femora,” J Biomech 29, 257–60 (1996).
[42] J. Damilakis, G. Papadokostakis, K. Perisinakis, T. Maris, P. Dim-
itriou, A. Hadjipavlou, and N. Gourtsoyiannis, “Discrimination of
hip fractures by quantitative ultrasound of the phalanges and the
calcaneus and dual X-ray absorptiometry,” Eur J Radiol 50, 268–72
(2004).
82 Dissertations in Forestry and Natural Sciences No 38
ii
i
i
i
i
i
i
Bibliography
[43] J. Damilakis, G. Papadokostakis, K. Perisinakis, T. G. Maris, and
A. H. Karantanas, “Hip fracture discrimination by the Achilles In-
sight QUS imaging device,” Eur J Radiol 63, 59–62 (2007).
[44] P. Droin, G. Berger, and P. Laugier, “Velocity dispersion of acous-
tic waves in cancellous bone,” IEEE Trans Ultrason Ferroelectr Freq
Control 45, 581–92 (1998).
[45] F. Eckstein, M. Matsuura, V. Kuhn, M. Priemel, R. Muller, T. M.
Link, and E. M. Lochmuller, “Sex differences of human trabecular
bone microstructure in aging are site-dependent,” J Bone Miner Res
22, 817–24 (2007).
[46] M. A. El-Brawany, D. K. Nassiri, G. Terhaar, A. Shaw, I. Rivens, and
K. Lozhken, “Measurement of thermal and ultrasonic properties of
some biological tissues,” J Med Eng Technol 33, 249–56 (2009).
[47] K. Engelke, J. E. Adams, G. Armbrecht, P. Augat, C. E. Bogado, M. L.
Bouxsein, D. Felsenberg, M. Ito, S. Prevrhal, D. B. Hans, and E. M.
Lewiecki, “Clinical use of quantitative computed tomography and
peripheral quantitative computed tomography in the management
of osteoporosis in adults: the 2007 ISCD Official Positions,” J Clin
Densitom 11, 123–62 (2008).
[48] J. Faran, “Sound scattering by solid cylinders and spheres,” J Acoust
Soc Am 23, 405–418 (1951).
[49] Z. E. Fellah, J. Y. Chapelon, S. Berger, W. Lauriks, and C. Depollier,
“Ultrasonic wave propagation in human cancellous bone: applica-
tion of Biot theory,” J Acoust Soc Am 116, 61–73 (2004).
[50] A. J. Foldes, A. Rimon, D. D. Keinan, and M. M. Popovtzer, “Quan-
titative ultrasound of the tibia: a novel approach for assessment of
bone status,” Bone 17, 363–7 (1995).
[51] H. Follet, S. Viguet-Carrin, B. Burt-Pichat, B. Depalle, Y. Bala,
E. Gineyts, F. Munoz, M. Arlot, G. Boivin, R. D. Chapurlat, P. D.
Delmas, and M. L. Bouxsein, “Effects of preexisting microdamage,
collagen cross-links, degree of mineralization, age, and architecture
on compressive mechanical properties of elderly human vertebral
trabecular bone,” J Orthop Res (2010).
[52] B. S. Garra, M. Locher, S. Felker, and K. A. Wear, “Measurements of
ultrasonic backscattered spectral centroid shift from spine in vivo:
methodology and preliminary results,” Ultrasound Med Biol 35, 165–
8 (2009).
Dissertations in Forestry and Natural Sciences No 38 83
ii
i
i
i
i
i
i
Janne Karjalainen: Novel pulse-echo ultrasound methods for diagnostics
of osteoporosis
[53] C. C. Gluer, G. Blake, Y. Lu, B. A. Blunt, M. Jergas, and H. K. Genant,
“Accurate assessment of precision errors: how to measure the re-
producibility of bone densitometry techniques,” Osteoporos Int 5,
262–70 (1995).
[54] C. C. Gluer, C. Y. Wu, and H. K. Genant, “Broadband ultrasound
attenuation signals depend on trabecular orientation: an in vitro
study,” Osteoporos Int 3, 185–91 (1993).
[55] M. A. Gomez, M. Defontaine, B. Giraudeau, E. Camus, L. Colin,
P. Laugier, and F. Patat, “In vivo performance of a matrix-based
quantitative ultrasound imaging device dedicated to calcaneus in-
vestigation,” Ultrasound Med Biol 28, 1285–93 (2002).
[56] M. A. Greenfield, J. D. Craven, A. Huddleston, M. L. Kehrer,
D. Wishko, and R. Stern, “Measurement of the velocity of ultra-
sound in human cortical bone in vivo. Estimation of its potential
value in the diagnosis of osteoporosis and metabolic bone disease,”
Radiology 138, 701–10 (1981).
[57] M. Grynpas, “Age and disease-related changes in the mineral of
bone,” Calcif Tissue Int 53 Suppl 1, S57–64 (1993).
[58] G. Guglielmi, J. Adams, and T. M. Link, “Quantitative ultrasound
in the assessment of skeletal status,” Eur Radiol (2009).
[59] G. Haiat, F. Padilla, R. Barkmann, S. Dencks, U. Moser, C. C. Gluer,
and P. Laugier, “Optimal prediction of bone mineral density with
ultrasonic measurements in excised human femur,” Calcif Tissue Int
77, 186–92 (2005).
[60] G. Haiat, F. Padilla, R. Barkmann, S. Kolta, C. Latremouille, C. C.
Gluer, and P. Laugier, “In vitro speed of sound measurement at
intact human femur specimens,” Ultrasound Med Biol 31, 987–96
(2005).
[61] M. A. Hakulinen, J. S. Day, J. Töyras, M. Timonen, H. Kröger,
H. Weinans, I. Kiviranta, and J. S. Jurvelin, “Prediction of density
and mechanical properties of human trabecular bone in vitro by
using ultrasound transmission and backscattering measurements at
0.2-6.7 MHz frequency range,” Phys Med Biol 50, 1629–42 (2005).
[62] M. A. Hakulinen, J. S. Day, J. Töyras, H. Weinans, and J. S. Jurvelin,
“Ultrasonic characterization of human trabecular bone microstruc-
ture,” Phys Med Biol 51, 1633–48 (2006).
[63] M. T. Hannan, D. T. Felson, and J. J. Anderson, “Bone mineral
density in elderly men and women: results from the Framingham
osteoporosis study,” J Bone Miner Res 7, 547–53 (1992).
84 Dissertations in Forestry and Natural Sciences No 38
ii
i
i
i
i
i
i
Bibliography
[64] D. Hans, P. Dargent-Molina, A. M. Schott, J. L. Sebert, C. Cormier,
P. O. Kotzki, P. D. Delmas, J. M. Pouilles, G. Breart, and P. J. Meu-
nier, “Ultrasonographic heel measurements to predict hip fracture
in elderly women: the EPIDOS prospective study,” Lancet 348, 511–4
(1996).
[65] D. Hans, C. Durosier, J. A. Kanis, H. Johansson, A. M. Schott-
Pethelaz, and M. A. Krieg, “Assessment of the 10-year probability
of osteoporotic hip fracture combining clinical risk factors and heel
bone ultrasound: the EPISEM prospective cohort of 12,958 elderly
women,” J Bone Miner Res 23, 1045–51 (2008).
[66] D. Hans and M. A. Krieg, “The clinical use of quantitative ultra-
sound (QUS) in the detection and management of osteoporosis,”
IEEE Trans Ultrason Ferroelectr Freq Control 55, 1529–38 (2008).
[67] W. Hayes and M. L. Bouxsein, “Biomechanics of Cortical and Tra-
becular Bone: Implications for Assessment of Fracture Risk,” in Ba-
sic Orthopaedic Mechanics, Second edition ed., V. Mow and W. Hayes,
eds. (Lippincott Williams & Wilkins, Philadelphia, 1997).
[68] T. Hildebrand, A. Laib, R. Muller, J. Dequeker, and P. Ruegsegger,
“Direct three-dimensional morphometric analysis of human cancel-
lous bone: microstructural data from spine, femur, iliac crest, and
calcaneus,” J Bone Miner Res 14, 1167–74 (1999).
[69] R. Hodgskinson, C. F. Njeh, M. A. Whitehead, and C. M. Langton,
“The non-linear relationship between BUA and porosity in cancel-
lous bone,” Phys Med Biol 41, 2411–20 (1996).
[70] A. B. Hodsman, D. A. Hanley, and R. Josse, “Do bisphosphonates
reduce the risk of osteoporotic fractures? An evaluation of the evi-
dence to date,” Cmaj 166, 1426–30 (2002).
[71] B. K. Hoffmeister, “Frequency dependence of apparent ultrasonic
backscatter from human cancellous bone,” Phys Med Biol 56, 667–
683 (2011).
[72] B. K. Hoffmeister, J. A. Auwarter, and J. Y. Rho, “Effect of marrow on
the high frequency ultrasonic properties of cancellous bone,” Phys
Med Biol 47, 3419–27 (2002).
[73] B. K. Hoffmeister, D. Johnson, J. Janeski, D. Keedy, B. Steinert,
A. Viano, and S. C. Kaste, “Ultrasonic Characterization of Human
Cancellous Bone in vitro Using Three Different Apparent Backscat-
ter Parameters in the Frequency Range 0.6-15 MHz,” IEEE Trans
Ultrason Ferroelec Freq Control 55, 1442–1452 (2008).
Dissertations in Forestry and Natural Sciences No 38 85
ii
i
i
i
i
i
i
Janne Karjalainen: Novel pulse-echo ultrasound methods for diagnostics
of osteoporosis
[74] B. K. Hoffmeister, r. Jones, C. I., G. J. Caldwell, and S. C. Kaste,
“Ultrasonic characterization of cancellous bone using apparent in-
tegrated backscatter,” Phys Med Biol 51, 2715–27 (2006).
[75] B. K. Hoffmeister, S. A. Whitten, S. C. Kaste, and J. Y. Rho, “Ef-
fect of collagen and mineral content on the high-frequency ultra-
sonic properties of human cancellous bone,” Osteoporos Int 13, 26–32
(2002).
[76] R. Hollaender, F. Hartl, M. A. Krieg, A. Tyndall, C. Geuckel,
C. Buitrago-Tellez, M. Manghani, M. Kraenzlin, R. Theiler, and
D. Hans, “Prospective evaluation of risk of vertebral fractures using
quantitative ultrasound measurements and bone mineral density in
a population-based sample of postmenopausal women: results of
the Basel Osteoporosis Study,” Ann Rheum Dis 68, 391–6 (2009).
[77] A. Hosokawa, “Ultrasonic pulse waves in cancellous bone analyzed
by finite-difference time-domain methods,” Ultrasonics 44 Suppl 1,
e227–31 (2006).
[78] A. Hosokawa and T. Otani, “Ultrasonic wave propagation in bovine
cancellous bone,” J Acoust Soc Am 101, 558–62 (1997).
[79] K. Huang, D. Ta, W. Wang, and L. H. Le, “Simplified inverse filter
tracking algorithm for estimating the mean trabecular bone spac-
ing,” IEEE Trans Ultrason Ferroelectr Freq Control 55, 1453–64 (2008).
[80] J. Huopio, H. Kröger, R. Honkanen, J. Jurvelin, S. Saarikoski, and
E. Alhava, “Calcaneal ultrasound predicts early postmenopausal
fractures as well as axial BMD. A prospective study of 422 women,”
Osteoporos Int 15, 190–5 (2004).
[81] H. Isaksson, J. Toyras, M. Hakulinen, A. S. Aula, I. Tamminen,
P. Julkunen, H. Kroger, and J. S. Jurvelin, “Structural parameters
of normal and osteoporotic human trabecular bone are affected dif-
ferently by microCT image resolution,” Osteoporos Int (2010).
[82] F. Jenson, F. Padilla, and P. Laugier, “Prediction of frequency-
dependent ultrasonic backscatter in cancellous bone using statistical
weak scattering model,” Ultrasound Med Biol 29, 455–64 (2003).
[83] O. Johnell and J. Kanis, “Epidemiology of osteoporotic fractures,”
Osteoporos Int 16 Suppl 2, S3–7 (2005).
[84] E. Kaleva, S. Saarakkala, J. S. Jurvelin, T. Viren, and J. Toyras, “Ef-
fects of ultrasound beam angle and surface roughness on the quanti-
tative ultrasound parameters of articular cartilage,” Ultrasound Med
Biol 35, 1344–51 (2009).
86 Dissertations in Forestry and Natural Sciences No 38
ii
i
i
i
i
i
i
Bibliography
[85] J. A. Kanis, “Assessment of fracture risk and its application to
screening for postmenopausal osteoporosis: synopsis of a WHO re-
port. WHO Study Group,” Osteoporos Int 4, 368–81 (1994).
[86] J. A. Kanis, E. V. McCloskey, H. Johansson, A. Oden, r. Melton,
L. J., and N. Khaltaev, “A reference standard for the description of
osteoporosis,” Bone 42, 467–75 (2008).
[87] J. A. Kanis, r. Melton, L. J., C. Christiansen, C. C. Johnston, and
N. Khaltaev, “The diagnosis of osteoporosis,” J Bone Miner Res 9,
1137–41 (1994).
[88] F. Kaplan, W. Hayes, T. Keaveny, A. Boskey, T. Einhorn, and J. Ian-
notti, “Form and function of bone,” in Orthopaedic basic science, S. Si-
mon, ed. (American academy of orthopaedic surgeons, Columbus,
1994).
[89] M. K. Karlsson, K. J. Obrant, B. E. Nilsson, and O. Johnell, “Changes
in bone mineral, lean body mass and fat content as measured by
dual energy X-ray absorptiometry: a longitudinal study,” Calcif Tis-
sue Int 66, 97–9 (2000).
[90] J. J. Kaufman, L. Gangming, and R. S. Siffert, “On the relative con-
tributions of absorption and scattering to ultrasound attenuation in
trabecular bone: A simulation study,” IEEE Ultrasonics symposium
1519-23 (2003).
[91] G. S. Keene, M. J. Parker, and G. A. Pryor, “Mortality and morbidity
after hip fractures,” Bmj 307, 1248–50 (1993).
[92] V. Kilappa, P. Moilanen, L. Xu, P. H. Nicholson, J. Timonen, and
S. Cheng, “Low-frequency axial ultrasound velocity correlates with
bone mineral density and cortical thickness in the radius and tibia
in pre- and postmenopausal women,” Osteoporos Int (2010).
[93] K. M. Knapp, G. M. Blake, T. D. Spector, and I. Fogelman, “Can the
WHO definition of osteoporosis be applied to multi-site axial trans-
mission quantitative ultrasound?,” Osteoporos Int 15, 367–74 (2004).
[94] W. M. Kohrt, “Preliminary evidence that DEXA provides an ac-
curate assessment of body composition,” J Appl Physiol 84, 372–7
(1998).
[95] S. Kontulainen, D. Liu, S. Manske, M. Jamieson, H. Sievanen, and
H. McKay, “Analyzing cortical bone cross-sectional geometry by
peripheral QCT: comparison with bone histomorphometry,” J Clin
Densitom 10, 86–92 (2007).
Dissertations in Forestry and Natural Sciences No 38 87
ii
i
i
i
i
i
i
Janne Karjalainen: Novel pulse-echo ultrasound methods for diagnostics
of osteoporosis
[96] P. O. Kotzki, D. Buyck, D. Hans, E. Thomas, F. Bonnel, F. Favier, P. J.
Meunier, and M. Rossi, “Influence of fat on ultrasound measure-
ments of the os calcis,” Calcif Tissue Int 54, 91–5 (1994).
[97] J. W. Kuiper, C. van Kuijk, J. L. Grashuis, A. G. Ederveen, and H. E.
Schutte, “Accuracy and the influence of marrow fat on quantita-
tive CT and dual-energy X-ray absorptiometry measurements of the
femoral neck in vitro,” Osteoporos Int 6, 25–30 (1996).
[98] C. M. Langton, C. F. Njeh, R. Hodgskinson, and J. D. Currey, “Pre-
diction of mechanical properties of the human calcaneus by broad-
band ultrasonic attenuation,” Bone 18, 495–503 (1996).
[99] C. M. Langton, S. B. Palmer, and R. W. Porter, “The measurement
of broadband ultrasonic attenuation in cancellous bone,” Eng Med
13, 89–91 (1984).
[100] G. P. Liney, C. P. Bernard, D. J. Manton, L. W. Turnbull, and C. M.
Langton, “Age, gender, and skeletal variation in bone marrow com-
position: a preliminary study at 3.0 Tesla,” J Magn Reson Imaging 26,
787–93 (2007).
[101] E. M. Lochmuller, C. A. Lill, V. Kuhn, E. Schneider, and F. Eckstein,
“Radius bone strength in bending, compression, and falling and
its correlation with clinical densitometry at multiple sites,” J Bone
Miner Res 17, 1629–38 (2002).
[102] C. A. Lock, J. Lecouturier, J. M. Mason, and H. O. Dickinson,
“Lifestyle interventions to prevent osteoporotic fractures: a system-
atic review,” Osteoporos Int 17, 20–8 (2006).
[103] E. Lozupone and A. Favia, “The structure of the trabeculae of can-
cellous bone. 2. Long bones and mastoid,” Calcif Tissue Int 46, 367–72
(1990).
[104] X. Lu, J. M. Reid, K. Soetanto, L. Weng, and V. Genis, “Cepstrum
technique for multilayer structure characterization,” IEEE Ultrason-
ics symposium 1571-74 (1990).
[105] H. M. Macdonald, K. K. Nishiyama, J. Kang, D. A. Hanley, and
S. K. Boyd, “Age-related patterns of trabecular and cortical bone
loss differ between sexes and skeletal sites: A population-based HR-
pQCT study,” J Bone Miner Res (2010).
[106] J. Magaziner, L. Wehren, W. G. Hawkes, D. Orwig, J. R. Hebel,
L. Fredman, K. Stone, S. Zimmerman, and M. C. Hochberg,
“Women with hip fracture have a greater rate of decline in bone
mineral density than expected: another significant consequence of
a common geriatric problem,” Osteoporos Int 17, 971–7 (2006).
88 Dissertations in Forestry and Natural Sciences No 38
ii
i
i
i
i
i
i
Bibliography
[107] M. K. Malo, J. P. Karjalainen, H. Isaksson, O. Riekkinen, J. S. Ju-
rvelin, and J. Toyras, “Numerical analysis of uncertainties in dual
frequency bone ultrasound technique,” Ultrasound Med Biol 36, 288–
94 (2010).
[108] F. Marin, J. Gonzalez-Macias, A. Diez-Perez, S. Palma, and
M. Delgado-Rodriguez, “Relationship between bone quantitative
ultrasound and fractures: a meta-analysis,” J Bone Miner Res 21,
1126–35 (2006).
[109] D. Marshall, O. Johnell, and H. Wedel, “Meta-analysis of how well
measures of bone mineral density predict occurrence of osteoporotic
fractures,” Bmj 312, 1254–9 (1996).
[110] R. W. McCalden, J. A. McGeough, and C. M. Court-Brown, “Age-
related changes in the compressive strength of cancellous bone. The
relative importance of changes in density and trabecular architec-
ture,” J Bone Joint Surg Am 79, 421–7 (1997).
[111] B. R. McCreadie, M. D. Morris, T. C. Chen, D. Sudhaker Rao, W. F.
Finney, E. Widjaja, and S. A. Goldstein, “Bone tissue compositional
differences in women with and without osteoporotic fracture,” Bone
39, 1190–5 (2006).
[112] A. Moayyeri, S. Kaptoge, N. Dalzell, S. Bingham, R. N. Luben, N. J.
Wareham, J. Reeve, and K. T. Khaw, “Is QUS or DXA Better for
Predicting The 10-year Absolute Risk of Fracture?,” J Bone Miner
Res (2009).
[113] P. Moilanen, “Ultrasonic guided waves in bone,” IEEE Trans Ultra-
son Ferroelectr Freq Control 55, 1277–86 (2008).
[114] P. Moilanen, V. Kilappa, P. H. Nicholson, J. Timonen, and S. Cheng,
“Thickness sensitivity of ultrasound velocity in long bone phan-
toms,” Ultrasound Med Biol 30, 1517–21 (2004).
[115] P. Moilanen, P. H. Nicholson, T. Karkkainen, Q. Wang, J. Timonen,
and S. Cheng, “Assessment of the tibia using ultrasonic guided
waves in pubertal girls,” Osteoporos Int 14, 1020–7 (2003).
[116] M. Muller, D. Mitton, P. Moilanen, V. Bousson, M. Talmant, and
P. Laugier, “Prediction of bone mechanical properties using QUS
and pQCT: study of the human distal radius,” Med Eng Phys 30,
761–7 (2008).
[117] M. Muller, P. Moilanen, E. Bossy, P. Nicholson, V. Kilappa, J. Timo-
nen, M. Talmant, S. Cheng, and P. Laugier, “Comparison of three
ultrasonic axial transmission methods for bone assessment,” Ultra-
sound Med Biol 31, 633–42 (2005).
Dissertations in Forestry and Natural Sciences No 38 89
ii
i
i
i
i
i
i
Janne Karjalainen: Novel pulse-echo ultrasound methods for diagnostics
of osteoporosis
[118] P. H. Nicholson and R. Alkalay, “Quantitative ultrasound predicts
bone mineral density and failure load in human lumbar vertebrae,”
Clin Biomech (Bristol, Avon) 22, 623–9 (2007).
[119] P. H. Nicholson andM. L. Bouxsein, “Bone marrow influences quan-
titative ultrasound measurements in human cancellous bone,” Ul-
trasound Med Biol 28, 369–75 (2002).
[120] C. F. Njeh, C. M. Boivin, and C. M. Langton, “The role of ultrasound
in the assessment of osteoporosis: a review,” Osteoporos Int 7, 7–22
(1997).
[121] C. F. Njeh, T. Fuerst, D. Hans, G. M. Blake, and H. K. Genant, “Ra-
diation exposure in bone mineral density assessment,” Appl Radiat
Isot 50, 215–36 (1999).
[122] C. F. Njeh, D. Hans, T. Fuerst, G. C-C., and H. K. Genant, Quanti-
tative Ultrasound : Assessment of Osteoporosis and Bone Status (Martin
Dunitz Ltd, London, 1999).
[123] C. F. Njeh, D. Hans, J. Li, B. Fan, T. Fuerst, Y. Q. He, E. Tsuda-
Futami, Y. Lu, C. Y. Wu, and H. K. Genant, “Comparison of six
calcaneal quantitative ultrasound devices: precision and hip frac-
ture discrimination,” Osteoporos Int 11, 1051–62 (2000).
[124] C. F. Njeh, C. Wu, B. Fan, D. Hans, T. Fuerst, Y. He, and H. K.
Genant, “Estimation of wrist fracture load using phalangeal speed
of sound: an in vitro study,” Ultrasound Med Biol 26, 1517–23 (2000).
[125] A. Noll, “Cepstrum Pitch Determination,” J Acoust Soc Am. 41, 293–
309 (1967).
[126] M. O’Donnell, E. Jaynes, and J. G. Miller, “Kramers-Kronig relation-
ship between ultrasonic attenuation and phase velocity,” J Acoust
Soc Am 69, 696–701 (1981).
[127] M. L. Oelze and J. O’Brien, W. D., “Frequency-dependent
attenuation-compensation functions for ultrasonic signals backscat-
tered from random media,” J Acoust Soc Am 111, 2308–19 (2002).
[128] V. Ottani, M. Raspanti, and A. Ruggeri, “Collagen structure and
functional implications,” Micron 32, 251–60 (2001).
[129] H. Oxlund, L. Mosekilde, and G. Ortoft, “Reduced concentration
of collagen reducible cross links in human trabecular bone with re-
spect to age and osteoporosis,” Bone 19, 479–84 (1996).
[130] F. Padilla, F. Jenson, V. Bousson, F. Peyrin, and P. Laugier, “Rela-
tionships of trabecular bone structure with quantitative ultrasound
parameters: in vitro study on human proximal femur using trans-
mission and backscatter measurements,” Bone 42, 1193–202 (2008).
90 Dissertations in Forestry and Natural Sciences No 38
ii
i
i
i
i
i
i
Bibliography
[131] M. Pakula, F. Padilla, and P. Laugier, “Influence of the filling
fluid on frequency-dependent velocity and attenuation in cancel-
lous bones between 0.35 and 2.5 MHz,” J Acoust Soc Am 126, 3301–10
(2009).
[132] A. M. Parfitt, “Age-related structural changes in trabecular and cor-
tical bone: cellular mechanisms and biomechanical consequences,”
Calcif Tissue Int 36 Suppl 1, S123–8 (1984).
[133] R. Patel, G. M. Blake, J. Rymer, and I. Fogelman, “Long-term pre-
cision of DXA scanning assessed over seven years in forty post-
menopausal women,” Osteoporos Int 11, 68–75 (2000).
[134] G. W. Petley, P. A. Robins, and J. D. Aindow, “Broadband ultra-
sonic attenuation: are current measurement techniques inherently
inaccurate?,” Br J Radiol 68, 1212–4 (1995).
[135] L. G. Raisz, “Pathogenesis of osteoporosis: concepts, conflicts, and
prospects,” J Clin Invest 115, 3318–25 (2005).
[136] J. Y. Reginster and N. Burlet, “Osteoporosis: a still increasing preva-
lence,” Bone 38, S4–9 (2006).
[137] D. T. Reilly and A. H. Burstein, “Review article. The mechanical
properties of cortical bone,” J Bone Joint Surg Am 56, 1001–22 (1974).
[138] D. T. Reilly and A. H. Burstein, “The elastic and ultimate properties
of compact bone tissue,” J Biomech 8, 393–405 (1975).
[139] O. Riekkinen, M. A. Hakulinen, M. J. Lammi, J. S. Jurvelin,
A. Kallioniemi, and J. Töyras, “Acoustic Properties of Trabecular
Bone-Relationships to Tissue Composition,” Ultrasound Med Biol 33,
1438–1444 (2007).
[140] O. Riekkinen, M. A. Hakulinen, M. Timonen, J. Töyras, and J. S. Ju-
rvelin, “Influence of overlying soft tissues on trabecular bone acous-
tic measurement at various ultrasound frequencies,” UltrasoundMed
Biol 32, 1073–83 (2006).
[141] O. Riekkinen, M. A. Hakulinen, J. Töyras, and J. S. Jurvelin, “Dual-
frequency ultrasound–new pulse-echo technique for bone densito-
metry,” Ultrasound Med Biol 34, 1703–8 (2008).
[142] B. L. Riggs, H. W. Wahner, E. Seeman, K. P. Offord, W. L. Dunn, R. B.
Mazess, K. A. Johnson, and r. Melton, L. J., “Changes in bone min-
eral density of the proximal femur and spine with aging. Differences
between the postmenopausal and senile osteoporosis syndromes,” J
Clin Invest 70, 716–23 (1982).
Dissertations in Forestry and Natural Sciences No 38 91
ii
i
i
i
i
i
i
Janne Karjalainen: Novel pulse-echo ultrasound methods for diagnostics
of osteoporosis
[143] C. Roux, V. Roberjot, R. Porcher, S. Kolta, M. Dougados, and
P. Laugier, “Ultrasonic backscatter and transmission parameters at
the os calcis in postmenopausal osteoporosis,” J Bone Miner Res 16,
1353–62 (2001).
[144] R. Sigelmann and J. M. Reid, “Analysis and measurement of ul-
trasound backscattering from an ensemble of scatterers excited by
sine-wave bursts,” J Acoust Soc Am 53, 1351–1355 (1973).
[145] S. Singh, “Ultrasonic non-destructive measurements of cortical bone
thickness in human cadaver femur,” Ultrasonics 27, 107–13 (1989).
[146] A. Stewart, V. Kumar, and D. M. Reid, “Long-term fracture predic-
tion by DXA and QUS: a 10-year prospective study,” J Bone Miner
Res 21, 413–8 (2006).
[147] K. L. Stone, D. G. Seeley, L. Y. Lui, J. A. Cauley, K. Ensrud, W. S.
Browner, M. C. Nevitt, and S. R. Cummings, “BMD at multiple
sites and risk of fracture of multiple types: long-term results from
the Study of Osteoporotic Fractures,” J Bone Miner Res 18, 1947–54
(2003).
[148] R. Strelitzki, S. C. Metcalfe, P. H. Nicholson, J. A. Evans, and
V. Paech, “On the ultrasonic attenuation and its frequency depen-
dence in the os calcis assessed with a multielement receiver,” Ultra-
sound Med Biol 25, 133–41 (1999).
[149] P. Szulc, E. Seeman, F. Duboeuf, E. Sornay-Rendu, and P. D. Del-
mas, “Bone fragility: failure of periosteal apposition to compensate
for increased endocortical resorption in postmenopausal women,” J
Bone Miner Res 21, 1856–63 (2006).
[150] M. Talmant, S. Kolta, C. Roux, D. Haguenauer, I. Vedel, B. Cas-
sou, E. Bossy, and P. Laugier, “In Vivo Performance Evaluation of
Bi-Directional Ultrasonic Axial Transmission for Cortical Bone As-
sessment,” Ultrasound Med Biol (2009).
[151] J. Töyras, M. T. Nieminen, H. Kröger, and J. S. Jurvelin, “Bone min-
eral density, ultrasound velocity, and broadband attenuation predict
mechanical properties of trabecular bone differently,” Bone 31, 503–7
(2002).
[152] D. Ulrich, B. van Rietbergen, A. Laib, and P. Ruegsegger, “The
ability of three-dimensional structural indices to reflect mechanical
aspects of trabecular bone,” Bone 25, 55–60 (1999).
[153] B. C. Vande Berg, F. E. Lecouvet, P. Moysan, B. Maldague, J. Jamart,
and J. Malghem, “MR assessment of red marrow distribution and
composition in the proximal femur: correlation with clinical and
laboratory parameters,” Skeletal Radiol 26, 589–96 (1997).
92 Dissertations in Forestry and Natural Sciences No 38
ii
i
i
i
i
i
i
Bibliography
[154] L. Vico, M. Zouch, A. Amirouche, D. Frere, N. Laroche, B. Koller,
A. Laib, T. Thomas, and C. Alexandre, “High-resolution pQCT
analysis at the distal radius and tibia discriminates patients with
recent wrist and femoral neck fractures,” J Bone Miner Res 23, 1741–
50 (2008).
[155] S. Viguet-Carrin, P. Garnero, and P. D. Delmas, “The role of collagen
in bone strength,” Osteoporos Int 17, 319–36 (2006).
[156] J. C. Wall, S. K. Chatterji, and J. W. Jeffery, “Age-related changes in
the density and tensile strength of human femoral cortical bone,”
Calcif Tissue Int 27, 105–8 (1979).
[157] S. Wang, C. Chang, C. Shih, and M. Teng, “Evaluation of tibial
cortical bone by ultrasound velocity in oriental females.,” Br J Radiol
70, 1126–1130 (1997).
[158] X. Wang, R. A. Bank, J. M. TeKoppele, and C. M. Agrawal, “The role
of collagen in determining bone mechanical properties,” J Orthop
Res 19, 1021–6 (2001).
[159] N. B. Watts, “Fundamentals and pitfalls of bone densitometry using
dual-energy X-ray absorptiometry (DXA),” Osteoporos Int 15, 847–54
(2004).
[160] K. Wear, R. Wagner, M. Insana, and T. Hall, “Application of Autore-
gressive Spectral Analysis to Cepstral Estimation of Mean Scatterer
Spacing,” IEEE Trans Ultrason Ferroelec Freq Control 40, 50–58 (1993).
[161] K. A. Wear, “Frequency dependence of ultrasonic backscatter from
human trabecular bone: theory and experiment,” J Acoust Soc Am
106, 3659–64 (1999).
[162] K. A. Wear, “Anisotropy of ultrasonic backscatter and attenuation
from human calcaneus: implications for relative roles of absorption
and scattering in determining attenuation,” J Acoust Soc Am 107,
3474–9 (2000).
[163] K. A. Wear, “Autocorrelation and cepstral methods for measure-
ment of tibial cortical thickness,” IEEE Trans Ultrason Ferroelectr Freq
Control 50, 655–60 (2003).
[164] K. A. Wear, “Characterization of trabecular bone using the backscat-
tered spectral centroid shift,” IEEE Trans Ultrason Ferroelectr Freq
Control 50, 402–7 (2003).
[165] K. A. Wear, “The effect of phase cancellation on estimates of cal-
caneal broadband ultrasound attenuation in vivo,” IEEE Trans Ul-
trason Ferroelectr Freq Control 54, 1352–9 (2007).
Dissertations in Forestry and Natural Sciences No 38 93
ii
i
i
i
i
i
i
Janne Karjalainen: Novel pulse-echo ultrasound methods for diagnostics
of osteoporosis
[166] K. A. Wear, “The effect of phase cancellation on estimates of broad-
band ultrasound attenuation and backscatter coefficient in human
calcaneus in vitro,” IEEE Trans Ultrason Ferroelectr Freq Control 55,
384–90 (2008).
[167] K. A. Wear, “A method for improved standardization of in vivo
calcaneal time-domain speed-of-sound measurements,” IEEE Trans
Ultrason Ferroelectr Freq Control 55, 1473–9 (2008).
[168] K. A. Wear, “Ultrasonic Scattering from Cancellous Bone: A
Review,” IEEE Trans Ultrason Ferroelec Freq Control 55, 1432–1441
(2008).
[169] K. A. Wear and r. Armstrong, D. W., “Relationships among cal-
caneal backscatter, attenuation, sound speed, hip bone mineral den-
sity, and age in normal adult women,” J Acoust Soc Am 110, 573–8
(2001).
[170] K. A. Wear and B. S. Garra, “Assessment of bone density using
ultrasonic backscatter,” Ultrasound Med Biol 24, 689–95 (1998).
[171] J. Wegrzyn, J. P. Roux, M. E. Arlot, S. Boutroy, N. Vilayphiou,
O. Guyen, P. D. Delmas, R. Chapurlat, and M. L. Bouxsein, “De-
terminants of the mechanical behavior of human lumbar vertebrae
after simulated mild fracture,” J Bone Miner Res (2010).
[172] P. Wells, Biomedical ultrasonics (Academic press, London, 1977).
[173] J. Williams, “Ultrasonic wave propagation in cancellous and cortical
bone: Prediction of some experimental results by Biot’s theory,” J
Acoust Soc Am 91, 1106–1112 (1991).
[174] J. E. Williams, J. C. Wells, C. M. Wilson, D. Haroun, A. Lucas, and
M. S. Fewtrell, “Evaluation of Lunar Prodigy dual-energy X-ray
absorptiometry for assessing body composition in healthy persons
and patients by comparison with the criterion 4-component model,”
Am J Clin Nutr 83, 1047–54 (2006).
[175] J. Wolff, Das Gesetz der Transformation der Knochen (Verlag von Au-
gust Hirschwald, Berlin, 1892).
[176] S. Y. Wu, H. H. Jia, D. Hans, J. Lan, L. Y. Wang, J. X. Li, and Y. Z. Cai,
“Assessment of volumetric bone mineral density of the femoral neck
in postmenopausal women with and without vertebral fractures us-
ing quantitative multi-slice CT,” J Zhejiang Univ Sci B 10, 499–504
(2009).
[177] Y. Xia, W. Lin, and Y. X. Qin, “The influence of cortical end-plate
on broadband ultrasound attenuation measurements at the human
94 Dissertations in Forestry and Natural Sciences No 38
ii
i
i
i
i
i
i
Bibliography
calcaneus using scanning confocal ultrasound,” J Acoust Soc Am 118,
1801–7 (2005).
[178] P. Zioupos, J. D. Currey, and A. Casinos, “Exploring the effects of
hypermineralisation in bone tissue by using an extreme biological
example,” Connect Tissue Res 41, 229–48 (2000).
Dissertations in Forestry and Natural Sciences No 38 95
Publications of the University of Eastern Finland 
Dissertations in Forestry and Natural Sciences
Publications of the University of Eastern Finland
Dissertations in Forestry and Natural Sciences
isbn 978-952-61-0474-4
Janne Karjalainen
Novel Pulse-Echo 
Ultrasound Methods 
for Diagnostics of 
Osteoporosis
It has been estimated that 200 mil-
lion individuals suffer from osteo-
porosis. However, only 25% of them 
are diagnosed. In this thesis, novel 
ultrasound methods based on pulse-
echo measurements are proposed 
for diagnostics of osteoporosis. The 
methods are applicable at primary 
healthcare and showed potential for 
fracture discrimination and predic-
tion of bone density. The methodol-
ogy introduced in this thesis may 
help to establish a solution for os-
teoporosis screening at the primary 
healthcare.
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